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 Fluorescence lifetime imaging microscopy (FLIM) is a powerful technique to 
non-invasively map the physical and chemical environment within microfluidic 
devices.  In this work FLIM has been used in conjunction with a variety of other 
techniques to provide a greater insight into flow behaviour and fluid properties at the 
microscale. 
 The pH-sensitive fluorescent dyes, fluorescein and C-SNARF 1, have been 
used to generate pH maps of microfluidic devices with a time-gated camera and a 
time-and-space-correlated single photon counting (TSCSPC) detector, respectively. 
Using time-gated detection and fluorescein, the fluorescence lifetime images allow 
for direct reading of the pH. The relative contribution to fluorescence of the acid and 
basic forms of C-SNARF 1 was spatially resolved on the basis of pre-exponential 
factors, giving quantitative mapping of the pH in the microfluidic device. 
 Three dimensional maps of solvent composition have been generated using 
2-photon excitation FLIM (2PE-FLIM) in order to observe the importance of 
gravitational effects in microfluidic devices. Two fluidic systems have been studied: 
glycerol concentration in the microfluidic device was measured using Kiton red; 
water concentration in a methanolic solution was measured using ANS. The density 
mismatch between two solutions of different composition induced a rotation of the 
interface between two streams travelling side by side in a microchannel. The 
experiment has provided evidence of non-negligible gravitational effects in 
microflows. 2PE-FLIM has superior capability than methods used previously to 
assess similar phenomena. 
 FLIM and micro-particle imaging velocimetry (μ-PIV) have been 
implemented on a custom-built open frame microscope and used simultaneously for 
multimodal mapping of fluid properties and flow characteristics.  It has been shown 
that viscosity mismatch between two streams induces a non-constant advective 
transport across the channel and results in a flow profile that deviates from the usual 
Poiseuille profile, characteristic of pressure driven flow in microfluidic devices. 
 
 ii 
 An aqueous solution of the temperature-sensitive fluorescent dye Kiton red 
has been encapsulated in an oil microdroplet using the in-vitro compartmentalisation 
(IVC) double emulsion method. A microdroplet has been trapped in an operating 
microfluidic device using optical tweezers and its fluorescence lifetime image has 
been recorded using FLIM. This permits measurement of the local temperature on 












First of all, I would like to thank my supervisor, Anita Jones, for her 
incommensurable support. I could not have thought better supervisor for my PhD, 
and I mean it. 
I also want to thank David Mendels for the plethora of ideas that secured my 
entertainment in the vicinity of optical benches and microfluidic devices for the 
whole duration of my PhD.  
I would also like to thank Gerald Buller, my first academic supervisor, for 
invariably supporting my will to further my experience in academia. 
I would still be hands on in the lab without the savoir faire of Andy Garrie, 
Nhan Pham, Aongus McCarthy, Jochen Arlt, Juanita Cardenas, Rosario Sanchez, 
Robert Neely, and Patricia Richardson. I am deeply grateful for their help and for 
sharing their special powers with me. Thanks also to Bill Gibbons, for helping with 
grammar and spelling. 
 It has been a pleasure to share the office with Diana and Xiaohua. Away from 
the lab and the office, Cristina, Nathalie, Trish and Guilhem have always achieved 
quality banters around a meal, a brew or a cigarette. They have brought some daily 
sunshine in the nicest damp country in the world. 
 Finally, words cannot say how thankful I am to the people I love the most: 
my parents; my brother; and Ioanna. 
 
 v 
Table of Contents 
Abstract ......................................................................................................................... i 
Declaration .................................................................................................................. iii 
Acknowledgements ..................................................................................................... iv 
1 Introduction .......................................................................................................... 1 
2 THEORY ............................................................................................................. 7 
2.1 Fluorescence ................................................................................................. 7 
2.1.1 Principles of fluorescence ........................................................................ 7 
2.1.2 Fluorescence Lifetime and Quantum yield ............................................ 12 
2.1.3 Influence of molecular environment on fluorescence lifetime .............. 13 
2.2 Time-Correlated Single Photon Counting .................................................. 14 
2.2.1 Principle ................................................................................................. 14 
2.2.2 Light sources .......................................................................................... 15 
2.2.3 Constant Fractional Discriminator ......................................................... 16 
2.2.4 Time to Amplitude Converter ................................................................ 18 
2.2.5 Analogue to Digital Converter ............................................................... 18 
2.2.6 Detectors ................................................................................................ 19 
2.3 Fluorescence Microscopy........................................................................... 24 
2.3.1 Fluorescence microscopy for environmental mapping .......................... 24 
2.3.2 Fluorescence Lifetime Imaging Microscopy ......................................... 25 
2.4 Flow dynamic in microfluidic devices ....................................................... 30 
2.4.1 Scaling analysis ...................................................................................... 30 
2.4.2 Pressure-driven flow .............................................................................. 32 
2.5 Microscale Flow Visualization Techniques ............................................... 34 
 
 vi 
2.5.1 Scalar-based methods ............................................................................. 34 
2.5.2 Particle-based methods........................................................................... 36 
2.5.3 Principles of Micro-Particle Imaging Velocimetry ................................ 37 
2.5.4 Extension and improvement of μ-PIV ................................................... 40 
2.6 Physics of optical tweezers ........................................................................ 41 
2.6.1 Principles and characteristics ................................................................. 42 
2.6.2 Use of optical tweezers .......................................................................... 44 
3 EXPERIMENTAL ............................................................................................. 46 
3.1 Steady state measurements ......................................................................... 46 
3.2 Time-resolved fluorescence measurements ............................................... 46 
3.2.1 Experimental setup ................................................................................. 46 
3.2.2 Data analysis .......................................................................................... 49 
3.3 Wide-field fluorescence lifetime imaging microscopy .............................. 52 
3.3.1 Time-gated technique ............................................................................. 53 
3.3.2 Time- and space-correlated single photon counting .............................. 53 
3.4 Two-photon excitation FLIM ..................................................................... 55 
3.4.1 Optical setup........................................................................................... 55 
3.4.2 Experimental parameters ........................................................................ 56 
3.4.3 Fluorescence lifetime maps .................................................................... 57 
3.4.4 3D image stacking using ImageJ ........................................................... 57 
3.5 Micro-Particle Imaging Velocimetry ......................................................... 58 
3.5.1 Illumination ............................................................................................ 58 
3.5.2 Timing setup .......................................................................................... 60 
3.5.3 Image Recording and Processing ........................................................... 61 
 
 vii 
3.6 Open-frame microscope ............................................................................. 63 
3.7 Microfluidic device design and fabrication ............................................... 66 
3.7.1 Design of the chip .................................................................................. 66 
3.7.2 Fabrication of the microfluidic device ................................................... 67 
3.7.3 Device operation .................................................................................... 69 
4 PROBING pH IN A MICROFLUIDIC DEVICE USING WIDE-FIELD 
FLUORESCENCE LIFETIME IMAGING MICROSCOPY .................................... 70 
4.1 Introduction ................................................................................................ 70 
4.1.1 Importance of pH measurement in microfluidic devices ....................... 70 
4.1.2 Previous measurement of pH in microfluidic devices ........................... 71 
4.1.3 Photophysical properties of the fluorescence lifetime pH probes .......... 74 
4.2 Experimental setup and procedures ........................................................... 75 
4.2.1 Solution preparation ............................................................................... 75 
4.2.2 Microfluidic device ................................................................................ 76 
4.2.3 Calibration of the fluorescence lifetime of the probes ........................... 77 
4.2.4 FLIM ...................................................................................................... 77 
4.3 Results ........................................................................................................ 79 
4.3.1 Fluorescence characteristics of fluorescein ............................................ 79 
4.3.2 Quantitative mapping of pH in a microfluidic device using time-gated 
intensified CCD camera and fluorescein............................................................ 84 
4.3.3 Fluorescence lifetime characteristics of C-SNARF 1 ............................ 87 
4.3.4 Quantitative spatial mapping of pH in a microfluidic device using 
TSCSPC detector and C-SNARF 1 .................................................................... 90 
4.4 Conclusion ................................................................................................. 93 
 
 viii 
5 3D MAPPING OF A MICROFLUIDIC DEVICE USING 2-PHOTON 
EXCITATION FLIM ................................................................................................. 96 
5.1 Introduction ................................................................................................ 96 
5.1.1 Fluorescence contribution from out-of-focus in wide-field FLIM ........ 96 
5.1.2 Relative importance of gravity in microflows. ...................................... 97 
5.1.3 Techniques used for 3D mapping of microfluidic devices .................... 98 
5.1.4 Photophysical properties of ANS ......................................................... 100 
5.2 Experimental details ................................................................................. 101 
5.2.1 Solution preparation ............................................................................. 101 
5.2.2 Microfluidic device and setup .............................................................. 102 
5.2.3 Calibration of the probe fluorescence lifetime ..................................... 102 
5.2.4 Optical and experimental setup (See also Chapter 3.4) ....................... 102 
5.3 Results ...................................................................................................... 103 
5.3.1 Fluorescence properties of ANS .......................................................... 103 
5.3.2 FLIM of ANS ....................................................................................... 106 
5.3.3 Calibration of the fluorescence lifetime of aqueous solutions of Kiton 
Red as a function of glycerol content ............................................................... 109 
5.3.4 Comparison of methanol-water system with glycerol-water ............... 111 
5.3.5 Quantification of the rotation ............................................................... 113 
5.4 Conclusion ............................................................................................... 117 
6 SIMULTANEOUS USE OF MICRO-PARTICLE IMAGING VELOCIMETRY 
AND FLUORESCENCE LIFETIME IMAGING MICROSCOPY ........................ 119 
6.1 Introduction .............................................................................................. 119 
6.1.1 Importance of optical detection in μ-TAS ........................................... 120 
 
 ix 
6.1.2 Importance of single-photon avalanche photodiode for the 
miniaturisation of the detection on a chip ........................................................ 121 
6.1.3 Assessment of flow behaviour at the microscale ................................. 122 
6.1.4 Photophysical properties of Kiton red ................................................. 123 
6.2 Experimental setup and procedure ........................................................... 124 
6.2.1 Solution preparation ............................................................................. 124 
6.2.2 Optical setup......................................................................................... 124 
6.2.3 Microfluidic devices............................................................................. 126 
6.3 Results ...................................................................................................... 128 
6.3.1 In situ calibration of the fluorescence lifetime of FLIM probes .......... 128 
6.3.2 Fluorescence lifetime of Kiton Red in water-glycerol mixtures .......... 134 
6.3.3 Simultaneous mapping of viscosity and velocity fields ....................... 134 
6.3.4 Simultaneous mapping of temperature and velocity fields .................. 140 
6.4 Conclusion ............................................................................................... 143 
7 MICROTHERMOMETRY: FLIM OF OPTICALLY TRAPPED PROBES IN 
A MICROFLOW ..................................................................................................... 144 
7.1 Introduction .............................................................................................. 144 
7.1.1 Measurements of temperature in microfluidic devices ........................ 144 
7.1.2 Non-invasive measurement of temperature in microfluidic devices.... 145 
7.1.3 Micro-emulsions in microfluidics ........................................................ 146 
7.1.4 Manipulating objects in microfluidic devices ...................................... 146 
7.2 Materials and methods ............................................................................. 147 
7.2.1 Optical tweezers setup.......................................................................... 147 
7.2.2 Fluorescence lifetime imaging microscopy ......................................... 149 
7.2.3 Preparation and Characterisation of Fluorescent Microdroplets .......... 150 
 
 x 
7.3 Results and discussion ............................................................................. 151 
7.3.1 The response of microdroplet fluorescence lifetime to temperature .... 151 
7.3.2 Calibration curve for FLIM temperature measurement ....................... 153 
7.3.3 Fluorescence lifetime imaging microscopy of optically trapped 
microdroplets in the microchannel ................................................................... 154 
7.4 Conclusion ............................................................................................... 160 
8 Conclusions ...................................................................................................... 162 
References ................................................................................................................ 166 
Conferences, meetings and workshops .................................................................... 186 







Multi-parameter quantitative mapping of microfluidic devices 
Introduction 1 
1 Introduction 
The scaling down or miniaturisation of devices is a strong trend that kicked 
off in the 1950’s with the important advances in space technology. Presently, this 
trend is also driven by consumers’ desires for ever smaller devices. Most advantages 
that result from scaled down devices are obvious. Small size means objects are less 
bulky, more mobile, more convenient to use and require less material to make. A 
universal example is the miniaturisation of computers. However, scaling down 
devices does not only mean having to cope with smaller dimensions: although the 
fundamental physics and chemistry describing phenomena at the macroscale are 
usually the same as at the microscale, some parameters which are dominant in the 
latter are unimportant in the former and vice versa. Therefore, miniaturising devices 
implies dealing with phenomena that were unknown from previous observation of 
macroscopic systems. 
Thanks to the development of Micro Electrical Mechanical Systems 
(MEMS), microtechnology has developed rapidly in a viable fashion, self-sustained 
by emerging applications since 1954. However, it was only in the 1980’s that an 
interest in reducing the size of fluidic systems emerged. There is currently no 
standard in microfluidic development and where MEMS have allowed 
microtechnology to become ubiquitous, microfluidic-technology-based devices are 
still only found sporadically. This is due to a lack of understanding of fluid 
phenomena at the microscale. A boom in microfluidic technologies is therefore 
impeded by the lack of computational fluid dynamic (CFD) models adapted to the 
microscale. Consequently, engineers are faced with developing microfluidic devices 
by trial and error, which is costly and time consuming. Although key features of the 
effects governing flow in a microchannel can be gained by scaling analysis, a reliable 
development of CFD models for the microscale depends upon their results being 
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assessed and validated by experimental observations1. Because conventional 
techniques used to map macroscale phenomena are not adapted, or simply not 
suitable, to be used to probe micrometer-size, monolithic devices, scientists had to 
find means of collecting spatial, quantitative information about fluid and flow 
properties in microchannels. 
Microfluidic devices were first implemented by engineers in inkjet 
technology 20 years ago. It is therefore not a surprise that the first visualisation 
techniques that emerged were the ones already used by engineers in fluid dynamics 
prior to miniaturisation. Among those techniques, Particle Imaging Velocimetry 
(PIV) has had greater success than other particle-based flow visualisation methods 
because it is the most accurate and can provide more information per interrogation 
area [1]. First used in 1998 and renamed Micro-Particle Imaging Velocimetry 
(μ-PIV), it is a much more powerful tool than fluorescence based (mainly caged 
fluorescence imaging) flow visualisation methods which are limited to bulk flow 
measurement [2]. 
With microfluidic technologies gaining interest from life scientists, especially 
from molecular biologists, more microscopic techniques entered the pool of 
visualisation tools used to image microfluidic devices. Probably the most widespread 
imaging tool in biology is fluorescence microscopy. First limited to staining species, 
it quickly became clear that scientists could use the emission from fluorescent 
molecules not only to localise biological organelles but also to collect information 
about the chemical and environmental vicinity of the fluorophore. This is possible 
because the fluorescence characteristics of a fluorophore are sensitive to their 
                                                 
1 The author has to stress here that the degree of quantification obtained from a model is a subjective 
notion. Some of the results presented in this work could therefore be to some extent tractable from 
established models. In this respect, the quantification of the diffusion of a species across a 
microfluidic channel can be obtained with some level of good agreement between experimental results 
and numerical solution [5]. However, this is only true when the two fluids that are brought in contact 
at the T-junction and their mixture have similar physical properties (i.e.: viscosity, density). This is the 
case in chapter 4 of this manuscript where two saline buffers are mixed and where the fluidic system 
can be approximated to diffusion of chemical species from one side of the microchannel to the other.  
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surroundings. In microfluidic devices, researchers have exploited the response of 
fluorophores to the surrounding medium to map the environment in the device.  
At first, techniques based on changes in fluorescence intensity were used 
because they are cheap, easy to set up and provide good contrast [3]. However, the 
fluorescence intensity of a sample does not reflect only the surroundings of the 
molecule. It is dependent on fluorophore concentration, photobleaching, and 
temporal instability of the excitation source. Furthermore, the affinity of molecules to 
a specific environment and the spatial heterogeneity of the illumination source are 
detrimental to quantitative mapping of the sample. For example, when imaging 
microfluidic devices, these shortcomings are ostensible at the wall of the device 
where adsorption of the dye generates an increase of the fluorescence intensity. 
Conventional fluorescence microscopy is therefore mostly useful to localise 
fluorescent species in samples. In order to gain information about the chemical and 
environmental factors of a sample, time-resolved fluorescence is used. In time-
resolved fluorescence the fluorescence lifetime of the sample rather than its intensity 
is measured. The fluorescence lifetime is an intrinsic property of a fluorescent 
molecule and is typically insensitive to the fluorophore concentration in the sample. 
Therefore, recording the response of fluorescence lifetime to environmental 
variations provides measurements that are independent of fluorophore concentration. 
Time-resolved fluorescence measures the sensitivity of the fluorophore to chemical 
and environmental factors such as pH, ion concentration, temperature, and polarity. 
Combining the measurement of fluorescence lifetime using time-resolved 
fluorescence with 2D imaging using the basic setup of conventional fluorescence 
microscopy techniques allows for quantitative maps of the sample to be created [4]. 
In the images created, the fluorescent lifetime rather than the intensity is used as 
contrast. This technique, Fluorescent Lifetime Imaging Microscopy (FLIM), 
overcomes the aforementioned problems associated with intensity based techniques. 
It was first applied to quantitatively map mixing in microfluidic devices [3] and it is 
now accepted as a powerful tool to quantitatively map chemical and environmental 
factors in microfluidic devices. To date and to the best of our knowledge, it has been 
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used to map solvent concentration [3, 5], temperature [6-8], viscosity [9], and ion 
concentration [10, 11]. 
In continuation of the work published so far, Chapter 4 of this thesis will 
demonstrate the use of FLIM to map pH. The importance of mapping pH in terms of 
biochemical applications, assessment of micromixers and as validation for CFD 
models is discussed. Along with conventional wide-field time-gated FLIM technique, 
we have also evaluated the capability of a Time-and Space-Correlated Single Photon 
Counting (TSCSPC) FLIM technique to map pH gradient in a microfluidic device. It 
is the first time to date, to the best of our knowledge, that such a technique has been 
used for generating fluorescence lifetime images of microfluidic devices. 
Scaling analysis of flow behaviour can give great insight into the change in 
fluid dynamics between the macroscale and microscale. Actually the same equations 
stand true in both cases. Scaling analysis is made as a function of the typical length l 
of the system studied and allows for the forces applied on the system to be assessed 
and when appropriate neglected. Microfluidic devices have a large surface-to-volume 
ratio compared to macroscopic devices. Therefore, recessive and hidden phenomena 
in macroscale systems can become dominant and ostensible at the microscale. For 
example, surface forces scale with l whereas gravitational forces scale with l3. It is 
therefore predictable, that whereas gravity will play a major role in macroscale 
analysis, it will be overpowered by surface forces in microscale analysis. The pitfall 
here is to imagine a boundary between the laws ruling the fluid dynamics between 
the microscale and the macroscale. This boundary would mislead the modeller who 
would, for the sake of simplification and correctly for many cases, neglect 
gravitational forces when studying fluid dynamics at the microscale. The laws of 
fluid dynamics are continuous. It is the change in the relative importance of each 
factor in the equations describing the laws that reflect the change of flow behaviour. 
In the case of two miscible liquids with different density, discrepancies between CFD 
results and experimental data obtained using FLIM were found. Taking into account 
gravitational and buoyancy effects corrected for the discrepancies [7]. In Chapter 5, 
it is shown how 2-Photon excitation FLIM was used to generate 3D maps of solvent 
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composition showing the rotation of the interface between two solvents of different 
density. The results confirm the importance of gravitational effects when assessing 
flow behaviour in microfluidic devices. 
The work presented in Chapter 4 and Chapter 5, demonstrates the capability 
of FLIM as an imaging technique to provide detailed spatially-resolved quantitative 
information about the bulk properties in a microfluidic device. In order to fulfil the 
need for ever more accurate measurements of flow parameters, FLIM has been 
combined with μ-PIV to generate simultaneously quantitative spatial information 
about the bulk properties, using FLIM, and detailed flow field parameters, using μ-
PIV. The two techniques have different requirements in terms of illumination 
sources, detection wavelength and camera. Commercial microscopes are intrinsically 
unsuitable to perform these two tasks simultaneously. Therefore, an open frame 
platform microscope has been employed to provide the adequate flexibility in the 
optical setup. In Chapter 6, the use of this optical setup to observe the influence of a 
temperature and viscosity gradient across a microchannel on the flow field 
parameters is described. 
Because of their many inherent advantages, microfluidic devices have 
attracted attention from almost every discipline in natural sciences. They are used for 
diagnostics and drug delivery in medicine, study of flow behaviour in physics, 
miniaturisation in engineering, sample analysis in chemistry, and cell handling in 
biology, to name just a few examples. As the different fields find new and promising 
applications to develop, scientists are facing the challenges of becoming acquainted 
with concepts and techniques/tools that did not originally belong to their background 
knowledge and skills. Developing tools, methods and techniques accessible by 
scientists from different backgrounds is a crucial step in the popularisation of the 
technology. In this regard, fabrication of microfluidic chips by soft-lithography has 
provided the scientific community with a cheap and easy way of producing their own 
devices [12]. Chapter 3 includes a description of the use of soft-lithography to 
develop a microfluidic chip with flow rate independent temperature control. In 
Chapter 7, it is shown how the open frame microscope provides a user-friendly 
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optical platform that enables optical tweezers and FLIM to be used in tandem. These 
features were used to trap a novel local fluorescent probe fabricated using the in-vitro 
compartmentalisation method [13]. Encapsulation of an aqueous solution of a 
temperature sensitive fluorescent molecule permits chemically non-invasive 
detection of local temperature in a microfluidic device. 
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2 THEORY 
The work presented in this thesis requires the understanding of principles and 
techniques which are presented in this chapter. 
2.1 Fluorescence 
Luminescence takes place when an atom/molecule undergoes excitation 
resulting in a transition from ground to excited state, and emits light by returning to 
its ground state energy level. The excitation source can be inherent to the system, i.e. 
chemiluminescence (chemical reactions), or require an outside source of energy,   
e.g. electroluminescence (electrical discharges), sonoluminescence (sound), 
triboluminescence (crushing) [14]. 
Fluorescence and phosphorescence occur after excitation of a molecule by a 
photon and are classified as photoluminescent phenomena. Photoluminescence is the 
property of molecules to absorb light at a wavelength (referred to as excitation 
wavelength) and to subsequently re-emit light at longer wavelength (referred to as 
emission wavelength) after an average time called fluorescent/phosphorescent 
lifetime. 
2.1.1 Principles of fluorescence 
2.1.1.1 Excitation 
The photon is the quantum of energy of electromagnetic radiations. The 
energy of a photon is given by Planck’s law: 
λϕ
chE ⋅=  (2-1) 
where h is Planck’s constant, c the speed of light, λ the wavelength of the light. 
Specific wavelengths, known as absorption wavelengths, are absorbed by molecules. 
When a molecule absorbs a photon with energy Eφ, an electron in the ground 
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electronic state (energy Em) is promoted to a higher electronic state of energy En 
given by: 
ϕEEE mn +=  (2-2) 
A molecule possesses quantised states of energy and the absorption of energy occurs 
when the energy of a photon matches the energy difference between those states. At 
room temperature, usually only the lowest vibrational state of the electronic ground 
state (Em, ν=0) is populated. Therefore, the absorption of a photon results in a 
transition between E0,ν=0 and a vibronically excited state (En,ν1) as shown Figure 2-1. 
 
Figure 2-1: Schematic representation of the potential energy curves and vibrational energy 
levels of ground and excited electronic states. 
The coloured arrows on Figure 2-1 indicate the most intense vibronic transition that 
would take place in this case. Their intensity is determined by the Franck-Condon 
principle that states that electronic transitions are so fast in comparison to the nuclear 
motion that immediately after the transition, the nuclei have nearly the same relative 
position and momentum as they did before the transition [15]. Therefore, the arrows 
representing a vibronic transition are represented vertically in Figure 2-1 and the 
probability of a transition is proportional to the overlap of the wave functions 
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between the lowest vibrational state of E0 and a vibronically excited state. The 
overlap is given by: 
dxdydz1,10,0 νν ψψ∫ =  (2-3) 
where ψ0,ν=0 and ψ1,ν are the wavefunctions of vibronic state having energies E0,ν=0 
and E1,ν1 in Figure 2-1.  
The absorption of radiation is caused by the interaction of the electric field of 
the radiation with electrons. The electric moment induced by the radiation in an 
atom/molecule is referred to as transition dipole moment. It is given by a vector, the 
amplitude of which is referred to as transition moment that gives the strength of the 
interaction. The direction of the vector in the molecular framework defines the 
direction of transition polarisation. The transition dipole moment is given by: 
dxdydzd
nnmnm νν
ψµψ ,,, ∫=  (2-4) 
where μ is the dipole moment operator.  
If the transition dipole moment is non-zero, then the probability of the 
transition is finite and the transition is said to be allowed. If the transition dipole 
moment is zero, the transition is formally forbidden. The factors that determine 
whether a transition is allowed or forbidden are expressed in terms of the selection 
rules for transition. Two main selection rules are: the spin selection rule that states 
that a transition between two states of different multiplicity, such as singlet-triplet, is 
forbidden; the symmetry selection rule that states that transitions between states of 
the same symmetry are forbidden. The intensities of transitions are measured by 
absorption spectroscopy and the characteristic extinction coefficient of a molecule is 
defined by the Beer-Lambert law: 
lc
I
IA ⋅⋅== ε0log  (2-5) 
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where I0 is the intensity of a light beam incident to a sample of length l, 
concentration c and extinction coefficient ε. The logarithmic of the incident beam 
intensity over the intensity of the transmitted beam is referred to as absorption, A. 
2.1.1.2 De-excitation 
Following the absorption of a photon several processes compete to de-excite 
the molecule. The main processes underlying photoluminescence are depicted on a 
Jabłoński diagram, Figure 2-2. They are classified as ‘radiative’ (straight arrows) and 
‘non-radiative’ (wavy arrows) decays depending on whether or not they result in the 
emission of a photon on de-excitation. 
 
Figure 2-2: A Jabłoński diagram for a photoluminescent system showing pathways for the 
deactivation of an excited state. The lowest vibrational energy level for each electronic state is 
indicated by the thicker line. 
Following excitation (blue and green arrows on Figure 2-2, a molecule will relax to a 
lower vibrational state by vibrational relaxation and to a lower electronically excited 
state by internal conversion. These processes occur in approximately 10-12 seconds. 
Once the molecule is at the lowest vibrational state of S1, it can undergo: non-
radiative decay by internal conversion (black wavy arrows on Figure 2-2); relaxation 
to the ground state with emission of a photon (this is fluorescence, orange arrows in 
Figure 2-2 and occurs in the nanosecond range); intersystem crossing to a triplet state 
Multi-parameter quantitative mapping of microfluidic devices 
Theory 11 
from which a relaxation to the ground state with emission of a photon will be delayed 
due to the forbidden nature of the spin change (this phenomenon is called 
phosphorescence (red arrows in Figure 2-2) and occurs in the millisecond to second 
range. 
2.1.1.3 Stokes shift 
Generally, the absorption of a photon by a fluorescent molecule occurs 
between the electronic ground state and an electronically (or vibronically) excited 
state of the molecule. Some energy will therefore be lost in the non-radiative 
processes described above. A photon emitted from the lowest vibrational state of S1 
will therefore have less energy than the photon previously absorbed. This leads to a 
shift of the emission spectrum toward longer wavelengths (lower energy) compared 
to the excitation/absorption spectrum. This shift is referred to as Stokes shift an 
illustration of which is shown Figure 2-3.  
 
Figure 2-3: Emission and excitation spectra of fluorescein showing the Stokes shift 
The Stokes shift is very useful for the detection of emitted photons by fluorescent 
molecules as it allows elimination of the excitation signal by spectral filtering. 
Another rule resulting from the fact that fluorescence occurs generally between the 
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lowest vibrational state of S1 and S0 states that the emission spectrum is independent 
of the excitation wavelength. This rule is referred to as Kasha’s rule. 
2.1.2 Fluorescence Lifetime and Quantum yield 
2.1.2.1 Fluorescence quantum yield 
The fluorescence quantum yield is an important characteristic of a 
fluorophore. It quantifies the emission efficiency: the number of photons emitted 





=  (2-6) 
Equation (2-6) can be expressed in terms of radiative and non radiative decay rates. 
The non-radiative decays include internal conversion, intersystem crossing, and 
quenching. The number of photons absorbed is proportional to the sum of the 
radiative and non-radiative rate constants (kr + knr) while the number of photons 







=  (2-7) 
The quantum yield ranges from 0 (knr>>kr, no fluorescence) to 1 (kr >> knr, 100% 
efficiency).  
2.1.2.2 Fluorescence lifetime 
The fluorescence lifetime is the inverse of the decay rate constant as 
described by Equation (2-8). 
nrr kk +
=
1τ  (2-8) 
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From Equation (2-7) and Equation (2-8), an expression for the quantum yield as a 
function of lifetime is obtained: 
τ⋅= rkQ  (2-9) 
After excitation, fluorophores will not all re-emit at a time equal to the lifetime but 
will follow first-order kinetics: 
( ) ))(exp(0)( 11 tkkStS nrr +−=  (2-10) 
where S1 is the excited state population. Using Equation (2-8), a relation between 








tStS exp)0()( 11  (2-11) 
The time resolved intensity I(t) of a fluorescing solution follows the same kinetics as 
the excited state population S1(t). They are related by the radiative decay constant of 
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Equation (2-12) relates the time resolved intensity to the fluorescence lifetime. This 
relation permits the calculation of the fluorescence lifetime from the recorded 
fluorescence decay.  
2.1.3 Influence of molecular environment on fluorescence lifetime 
The fluorescence lifetime is affected by the interaction of the fluorophore in 
its excited state with its environment. The fluorescence lifetime is the time given to 
the fluorophore to interact. The factors that affect the fluorescence lifetime are the 
solvent polarity, the temperature and intermolecular interactions. While 
intermolecular interactions promote additional non-radiative decay channels, 
environmental factors such as temperature affect the rate of intramolecular non-
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radiative processes. Solvent polarity is probably the most common factor in 
environmental sensitivity of fluorescence. However, the factors that affect 
fluorescence are multiple. They include, for example, solvent viscosity, pH, and 
temperature. These multiple influencing factors provide many environmental 
properties that can be probed. A change in one of the environmental properties can 
affect several decay processes. For example, a change in temperature can induce 
changes in more than one quenching phenomenon. It is responsible for some 
intramolecular quenching phenomena but also affects e.g. collisional quenching and 
solvent interaction because solvent properties such as viscosity and diffusivity are 
sensitive to temperature. Therefore, it may be difficult to fully determine what effect 
is responsible for the change of fluorescence properties since more than one effect 
will simultaneously affect fluorophores. 
The influence of temperature and pH on the fluorescence lifetime of the 
probes used in this thesis will be discussed in relevant chapters. 
2.2 Time-Correlated Single Photon Counting 
Time-correlated single photon counting (TCSPC) is based on the detection of 
single photons of a periodic light signal, the measurement of the detection time of an 
individual emitted photon, and the reconstruction of the waveform from the 
individual time measurements [16, 17]. It is utilised in many different applications 
such as fluorescence lifetime measurements, optical tomography, detection and 
identification of single molecules, DNA sequencing, fluorescence lifetime imaging 
and time-of-flight systems. 
2.2.1 Principle 
The emission of a photon following excitation is a random event 
characterised by the fluorescence lifetime. Currently, electronics do not allow the 
recording and time-correlation of all the photons emitted following excitation by a 
laser pulse. TCSPC makes use of the fact that for very low detection probability (up 
to 1%) one can built up the photon emission distribution corresponding to the 
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intensity against time distribution. This is achieved by recording the arrival time of 
the first photon detected following a large number of excitation pulses. A diagram is 
shown Figure 2-4 to describe a typical TCSPC setup. 
 
Figure 2-4: Diagram of a time-correlated single photon counting system 
The light source (e.g.: a pulsed laser) is split. A small portion of the light is directed 
to a photodetector that produces the start signal. This start signal is used to trigger the 
voltage ramp of the time to amplitude converter (TAC). The amplitude of the TAC 
output voltage is proportional to the time between the start signal and the first photon 
detected by the PMT on the sample side. An analogue to digital converter (ADC) 
reads the output of the TAC and increments a memory location corresponding to the 
time of arrival of the first photon detected. A large number of events are recorded in 
this fashion (≥10000 for a single exponential decay) until a suitable photon emission 
distribution is obtained for analysis. A description of each module is given hereafter. 
2.2.2 Light sources 
An ideal light source for single photon counting would work at high intensity, 
be tuneable from the UV to 600nm (where most fluorescent excitation lies), have a 
variable repetition rate from kHz (enabling the recording of ms decay) to 100 MHz 
(enabling the recording of ns decay). The pulse used for excitation also requires 
several characteristics such as: wavelength-independent shape, reproducibility, and 
narrow width (sub-ns). Although flash lamps were very common in the early stages 
of TCSPC, their lack of intensity in a narrow spectral bandwidth, long pulse duration 
and the instability of the pulse profile made them obsolete for fluorescence 
measurements after the introduction of the laser [17]. In the work presented in this 
thesis a mode-locked frequency doubled Ti:Sapphire and a picosecond pulsed diode 
laser were used. 
Multi-parameter quantitative mapping of microfluidic devices 
Theory 16 
2.2.3 Constant Fractional Discriminator 
The fact that the time at which a fluorescence photon is incident on the detector 
can be defined with picosecond resolution is critical to the operation and precision of 
TCSPC. In order to extract timing information from pulses such as the one produced 
by PMTs, discriminators are used. There are two main types of discriminator: the 
leading edge discriminator and the constant fraction discriminator. The leading edge 
discriminator is the simpler. This produces an output pulse at the time when the input 
signal crosses a given threshold. The lack of sufficient timing resolution with leading 
edge discriminator arises from the fact that the output pulses from a photomultiplier, 
corresponding to individual photon detection, have a significant spread in pulse 
height. This implies that timing based on a leading edge discriminator would be 
subject to considerable jitter as shown Figure 2-5.  
 
Figure 2-5: Fluctuation in the detection time induced by leading edge triggering. 
Instead, a Constant Fraction Discriminator (CFD) is used to extract precise timing 
information from the detector pulse output using a method that is largely independent 
of the amplitude of the pulse [18]. Figure 2-6 shows the basic functionality of a CFD. 
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Figure 2-6: Basic functionality of a CFD 
The input pulse coming from the PMT is fed to a leading edge discriminator and a 
constant fraction discriminator. One part of the latter is delayed, while the other is 
attenuated by a constant fraction. The attenuated signal is subtracted from the 
delayed signal resulting in a bipolar pulse that crosses the baseline at an amplitude-
independent time as shown Figure 2-7.   
 
Figure 2-7: Incoming pulses (dashed lines) and transformed pulses (plain lines) that result from 
the operation of a CFD. 
Figure 2-7, the dashed red and blue lines correspond to two incoming pulses of 
different amplitude. The plain lines represent the transformation of these pulses 
through the operation of the CFD. In the schematic graph Figure 2-7, the transformed 
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pulses appear to cross on the x-axis. However, due to some DC noise in the input 
signal, small variations leading to an offset of this crossing point occur. In order to 
compensate for this DC noise, the level at which the pulses are detected is set by the 
users. This level is referred as to zero-cross level or Z/C.  
2.2.4 Time to Amplitude Converter 
The TAC is used to measure the time passed between the excitation pulse and 
the first photon detected. When the start pulse is detected, a capacitor is charged 
proportionally to the time interval between the start and stop signal. For example, if 
the capacitor is charged from 0 to 5V, the TAC range set to 100 ns and a photon 
detected 60ns after the excitation pulse, the TAC charge will be 3V (the charge is 
linearly proportional to time interval). The main limiting factor for the TAC is the so-
called dead-time; i.e. the time it requires resetting [19]. The TAC can be run in an 
inverted mode (charge starts on photon detected) in order to minimise the frequency 
of the dead-time, but this is not necessary for modern systems with low dead-time. 
It is important for the system to record all the photons detected by the 
detector. However, if two photons arrive in a TAC period, only the first one will be 
taken into account resulting in pulse pile-up. This phenomenon biases the photon 
distribution detection towards a shorter time. In order to reduce the probability of 
detecting two photons in a TAC period, the stop signal rate is kept below 1% of the 
start signal rate. 
2.2.5 Analogue to Digital Converter 
The ADC converts the amplitude of the TAC signal into an address in the 
memory. When a photon is detected at a certain relative arrival time, the address is 
incremented. After many ‘photon detected’ events, the distribution of photon 
emission over time is built-up. The ADC addresses up to 4096 channels each 
corresponding to a fraction of the TAC range; e.g.: if the TAC range is 50 ns and the 
ADC is working on 4096 channels, each channel corresponds to 12.2 ps. 
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2.2.6 Detectors 
2.2.6.1 Photomultiplier Tube 
TCSPC technique requires single photon detection. The most frequently used 
detectors for low level detection of light are photomultiplier tubes [19]. 
Microchannel plates (MCP) are used to reduce the transit time, i.e. give shorter 
instrument response function. They consist of an array of electron multipliers 
orientated parallel to each other. Microchannels are usually about 10 μm in diameter 
and are orientated at a small angle (~8°) from the input window of the MCP [20]. 
Figure 2-8 below shows the operating mode of a microchannel from a MCP. 
 
Figure 2-8: Electron amplification in an MCP PMT 
The MCP PMT consists of a photocathode, a microchannel plate and an 
anode. The photocathode is a thin layer of metal held at high negative potential, 
typically -1000V to 2000V [21]. When a photon strikes the photocathode surface, a 
photoelectron (or primary electron) is emitted and accelerated toward the anode. 
When an electron strikes the wall of the microchannel, an avalanche of electrons is 
created, leading to an exponential amplification of the signal. MCP PMT typically 
shows 104-107 gain. 
There are three important parameters affecting the instrument response of a 
TCSPC system: the excitation pulse width, the timing jitter of the electronics and the 
spread in transit time in the MCP PMT. The transit time is the time between the 
creation of the primary electron and the bunch of electrons arriving at the anode. The 
transit time spread is due to electrons following slightly different paths. Another time 
figure of the MCP PMT is the rising time of the anode. It is defined as the time the 
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anode takes to get from 10% to 90% of its final level. These characteristics influence 
the shape and width of the instrument response function (IRF).  
2.2.6.2 Single-Photon Avalanche Diode 
Single photons can be detected by semiconductor diodes, which can operate 
in the triggered avalanche mode [22]. Although the investigation of the avalanche 
processes in silicon date back from 1964 [23], the first practical device was devised 
by Cova et al in 1981[24]. The fast improvement of single-photon avalanche diode 
(SPAD) immediately after its successful development has made this detector an 
attractive alternative to MCP PMT in TCSPC [25]. It is now use in combination with 
TCSPC technique for Time-of-Flight [26, 27] and time-resolved fluorescence 
systems [28-30]. Herein is presented a brief description of the working principle of 
avalanche photodiodes.  
 
 
Figure 2-9: Current-Voltage characteristic of an APD structure [31] 
Figure 2-9 represents the characteristic working mode of an avalanche photodiode. 
The schematic has been divided into four bias regions which correspond to the four 
different working modes of the device. In the forward bias mode region I, current is 
constantly flowing through the device. In Bias region II, the increase of current 
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between the curve labelled “dark” and the curve labelled “illuminated” is due to the 
current generated by the creation of electron-hole pairs following the absorption of 
photons (photoelectric effect) by the semiconducting material. Bias region III is 
referred to as the linear mode. In this region, the high electric field will accelerate the 
electrons and holes created by the absorption of photons. The electrons and holes are 
accelerated in opposite direction and gather enough energy to ionise other atoms in 
the crystal lattice. Upon ionisation, more electron-hole pairs are created resulting in a 
gain factor of ca. 10-1000. SPADs are working in bias region IV. In this region the 
electric field is such that the creation of an electron-hole pair by absorption of a 
single photon will engender a self-sustained amplification of the creation of electron-
hole pairs by impact ionisation. This mode called “Geiger mode” is characterised by 
an infinite gain amplification taking the form of an avalanche process. It results in 
the generation of a detectable current following the absorption of a single photon by 
the semiconducting material. The avalanche current continues to flow until the 
process is quenched, usually by lowering the bias below breakdown voltage. The 
process by which the absorption of a single photon leads to a measurable current is 
shown Figure 2-10. 
 
Figure 2-10: Creation of an electron-hole pair by absorption of a photon in the depletion region 
of the p-n junction. The electron is promoted to the conduction band. The accelerated electron 
gains enough energy to cause impact ionisation by collision with the lattice resulting in a self-
sustained multiplication process referred to as avalanche. 
Figure 2-11 shows a cross-section of a thin junction SPAD.  
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Figure 2-11: Cross-section of a thin junction SPAD showing approximate dimension and doped 
regions [32]. 
The p-doped region is lightly doped and is the region where an incoming photon will 
be absorbed. The multiplication process takes placed in the highly doped region p+ 
and at the interface between p+ and n+ where the electric field is high.  
When using SPADs for time-resolved measurements that require high 
resolution timing, a drawback arises because the time response of the device has two 
components. One due to the photons absorbed in the depletion layer and one due to 
the photon absorbed in the neutral region. The absorption process followed by 
diffusion and the photon arrival distribution are shown Figure 2-12.  
Photons absorbed in the neutral region (Figure 2-12(a),2) beneath the active 
junction generate carriers that move around by diffusion and eventually reach the 
depletion layer with a statistically fluctuating delay [32]. This delay causes the 
diffusion-tail in the distribution of arrival time Figure 2-12(b). Furthermore, the 
distribution of arrival times is wavelength dependent, with the diffusion tail 
becoming more prominent at longer wavelengths.  
The problem diffusion imposes on the measurements of time-resolved fluorescence 
spectra has been characterised in the early years of the development of SPADs [25, 
33]. In order to reduce the generation of diffusive carriers in the neutral region, 
researchers have worked on improving the structure of the device. Some devices 
considerably reduce the effect of carriers’ diffusion on the arrival time 
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distribution [32]. However, their colour-dependence characteristics have only been 
tested in the range 750nm-900nm [34] which does not guarantee the successful 
implementation of such a device in TCSPC setup for fluorescence decay 
measurement since most of the dyes used have their maximum emission between 
500nm and 600nm. The fabrication of devices free of diffusion was devised, 
fabricated and tested [35, 36]. Their main drawbacks are the complex fabrication 
process and the reduced detection efficiency due to the reduction of the depth of the 
device.  
 
Figure 2-12: Outline of avalanche generation by photons absorbed in the depletion region (a1) 
and in the neutral region (a2). Photon arrival time distribution measured in a TCSPC setup and 
commercial silicon SPAD (b). 
The wavelength dependence of photon detector is the principal reason for 
poor fits in TCSPC fluorescence decay measurements. Several correction methods 
have been developed to account for or correct this effect. Their comparison [37] 
demonstrates that one of them is superior. It involves the measurement of the 
fluorescence decay of a reference compound under identical conditions as used for 
the sample [37]. Recently the method was further developed and used for direct 
measurement of the instrument response of the SPAD which can be used for fitting 
with deconvolution. Briefly, it makes use of the short lifetime of quenched 
fluorescent dyes to record the instrument response of the device under identical 
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conditions (emission wavelength, optical path) as used for the recording of the 
sample fluorescence lifetime decay [29, 30]. This work is further discussed in 
Section 6.3.1.    
2.3 Fluorescence Microscopy 
The end of the 20th and beginning of the 21st century have seen massive 
technological advances in every conceivable area. Fluorescence microscopy has 
benefited from imaging hardware, development of new fluorescent probes, increase 
in the performance of computers and evolution of software tools [38]. Such 
improvements have made fluorescence microscope easier to use and more versatile, 
hence increasing the number of investigators, whose main aim is to obtain 
characteristics of specimens or phenomena at the microscale through qualitative or 
quantitative fluorescence measurements. 
2.3.1 Fluorescence microscopy for environmental mapping  
Most of the work related to fluorescence microscopy uses fluorescence as a 
contrast agent to produce images. However, using the sensitivity of fluorescent dyes 
to their surrounding environment, researchers have developed methods that provide 
spatially resolved quantitative information about some biologically, chemically or 
physically relevant properties to the system imaged. 
In order to produce quantitative images using fluorescence microscopy, the 
sample is commonly stained with a fluorescent dye, and then illuminated with light 
at an appropriate excitation wavelength [38]. The fluorescence of the dye, that is 
dependent on its molecular environment, is detected, localised and analysed to 
generate a quantitative map of the system studied. The three main schemes used to 
generate quantitative mapping of samples using fluorescence are based on the three 
main characteristics of fluorescence. The change of quantum yield is used in 
intensity-based imaging, the change of relative importance of the emission at specific 
wavelength is measured in wavelength-ratiometric imaging and the fluorescence 
lifetime is spatially-resolved in fluorescence lifetime imaging microscopy. 
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Intensity-based methods are the easiest to implement because they do not 
require sophisticated equipment and because many probes change intensity with 
changing environment. However, when it comes to quantitative imaging, intensity-
based methods are often inadequate [39]. This is because the measurements depend 
on uncontrollable factors such as the spatial heterogeneity of the probe concentration, 
and temporal, spatial, and spectral fluctuations of the light source. 
The problems of intensity-based imaging can be avoided by using 
wavelength-ratiometric probes. These probes exhibit changes of emission spectrum 
as a response to environmental change. The analyte properties are therefore 
measured as a relative change of intensity at two separate wavelengths. Wavelength-
ratiometric methods provide a straightforward way to overcome the limitation of 
intensity-based techniques. However, the difficulty in creating suitable probes is a 
clear drawback of the technique [40].  
Fluorescence lifetime is an intrinsic property of a fluorescent molecule and is 
therefore insensitive to the problems associated with intensity-based imaging. 
Fluorescence lifetime imaging microscopy is the technique used to spatially resolve 
the distribution of fluorescent lifetime values in a sample. The fluorescence image 
relates the position to the fluorescence lifetime of the probe in the sample. The 
fluorescence lifetime of the probe is then related to its local molecular environment 
and hence to the properties of the sample.  
2.3.2 Fluorescence Lifetime Imaging Microscopy 
There are two methods used for mapping fluorescence lifetime: time-domain 
and frequency-domain fluorescence lifetime imaging microscopy (TD-FLIM and 
FD-FLIM).   
2.3.2.1 Frequency-domain FLIM  
In frequency-domain fluorescence lifetime imaging microscopy (FD-FLIM), 
the illumination is provided by an intensity-modulated source. Because of the time 
lag between excitation and emission, the emission is delayed relative to the 
excitation. This delay is described as a phase shift which varies as a function of the 
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modulation frequency. Additionally, the response of the sample results in the 
demodulation of the emission relative to excitation which also varies as a function of 
the modulation frequency. This factor is commonly referred to as modulation. The 
phase shift and the modulation are separate measurements each of which depend on 
the relative values of the lifetime and the light modulation frequency [41]. Without 
going into details, the theory behind FD-FLIM is not as straightforward as for 
TD-FLIM. At the genesis of time-resolved fluorescence microscopy, FD-FLIM was 
a good alternative to TD-FLIM because it allowed simplified instrumentation and 
cheaper implementation. Later, this became only true when with a priori knowledge 
of the probe characteristics, the system was designed and constructed to operate at 
single wavelength and single frequency. However, quantitative time-resolved 
measurement and imaging of fluorescence bearing a complex decay requires a wide 
range of excitation frequencies and wavelengths. Furthermore, since the advent of 
cheap and reliable laser sources (e.g. diode lasers) and time-gated cameras, 
FD-FLIM is not significantly cheaper to implement than TD-FLIM. In the present 
work TD-FLIM has been used exclusively. 
2.3.2.2 Time-Domain FLIM 
The most common method of wide-field TD-FLIM uses a time-gated 
intensifier. In time-gated detection, the collected signal is amplified and recorded by 
a CCD camera for shorts period of time at several time intervals after the excitation 
pulse. This technique requires high gain and fast gate time. A schematic of a time-
gated intensified CCD camera is shown Figure 2-13 [42]. 
When a photon strikes the photocathode, a photoelectron is emitted and 
accelerated by a high voltage towards a microchannel plate. In the MCP, the electron 
striking the wall will generate secondary electrons. At the output of the channels, the 
bunch of electrons will be accelerated by a high voltage towards a phosphor screen 
from which high energy photons (green photons) will be emitted and coupled to the 
CCD surface through a lens coupling system. 
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Figure 2-13: Schematic representation of a time-gated intensified CCD camera [42]. The red 
wavy arrow represents a photon coming from the fluorescence of the sample. The green arrows 
are the photoelectron emitted by the phosphor screen. 
As for TCSPC, a photodiode (Figure 2-4) gives a triggering signal to the 
system. On reception of the trigger signal a delay will be imposed. After this delay 
the photocathode voltage will be set for the photons striking the photocathode 
surface to generate the emission of photoelectrons. The photocathode will remain 
‘active’ according to user specification. While the photocathode is active, the green 
photons screened on the CCD accumulate charges on a 2Dwise array of sensor. The 
charges are then collected row by row and column by column and converted into 
voltage for a 2D map of intensity to be created within the gate time. The delay after 
triggering is then increased and the process is repeated until construction of the full 
decay as illustrated Figure 2-14. 
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Figure 2-14: Fluorescence intensity decay constructed using a time-gated system. 
In order to generate the FLIM map, the intensity decay from each pixel is 
fitted by non-linear regression to an exponential decay function and the spatially-
resolved lifetime values converted into an image using a colour-coded scale. The 
lifetime resolution of a system is typically determined from the interval time between 
gates and the complexity of the system of interest. FLIM images can be generated 
with as little as two gates which makes the technique an ideal candidate for pseudo-
real time imaging. One of the limitations of the technique comes from the lack of 
depth resolution. In wide-field FLIM, the whole field of view is illuminated and the 
fluorescence signal is collected throughout the depth of the sample. When imaging a 
microfluidic channel filled with a fluorescent solution, the investigator is prevented 
from observing buoyancy effects. In order to overcome this limitation, 2-photon 
excitation FLIM has been used. The technique is described hereafter. 
2.3.2.3 2-Photon excitation fluorescence lifetime imaging microscopy 
The most common method of confocal microscopy is the laser scanning 
technique where a diffraction-limited excitation spot is scanned across the sample 
and the collected signal is spatially filtered using pinholes to remove out-of-plane 
fluorescence. The main difference between wide-field and laser scanning techniques 
is the delivery of the excitation beam which is collimated in the former and focused 
in the latter. Therefore, whereas the information from the full field of view is 
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acquired at once in wide-field, the images are created by sequentially measuring all 
the pixels when using laser scanning. Confocal microscopy can also be achieved 
using 2-photon excitation (2PE). The basic principles of 2PE-FLIM are discussed 
hereafter. 
The absorption of two photons by a molecule was first predicted in 1931 [43]. 
Two-photon molecular excitation is a nonlinear process in which a chromophore 
simultaneously absorbs two incident photons [44]. The sum of the energy of the two 
photons should be equal to the energy required for excitation. A Jabłoński diagram 
describing the absorption of two photons of the same energy is shown Figure 2-15. 
 
Figure 2-15: Form of a Jabłoński. Simultaneous absorption of two photons by a chromophore 
(red arrow), One photon process (blue arrow). 
Since molecular cross-sections for two photon-absorption are small, high 
light fluxes are required [45]. This implies the use of laser having high power and 
short pulse length to reach the peak power required for 2PE to occur. 2PE is superior 
to conventional confocal because the absorption of the excitation beam is limited to a 
very small volume at the focus of the objective. The resolution is given by the size of 
the spot at focus where the photon density is high enough for fluorescent molecules 
to absorb two photons quasi-simultaneously. The depth- or z-sectioning comes from 
the quadratic dependence of the fluorescence intensity on the incident photon flux 
[44, 46]. Approximations for the lateral and axial full widths at half maximum of the 
two photon excitation spot size are given Equation (2-13) and Equation (2-14) [47]: 
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(2-14) 
where λ is the excitation wavelength, n the immersion medium and θ the observation 
angle. The numerical aperture of the objective is given by nsin(θ). With a 1.25 NA 
objective operated at 960 nm,  typical 2PE axial resolution of 0.9 μm and radial 
resolution of 0.3 μm can be achieved [44].  
2.4 Flow dynamic in microfluidic devices 
Microfluidics refers to the control and manipulation of fluids that are 
constrained in devices with sub-millimetre length scales.  The ability to fabricate 
devices with such length scales has attracted much interest from diverse research 
communities. The miniaturisation of conventional macroscale devices allows smaller 
volumes (nL scale) of reagent to be used in analytical sciences; cheaper fabrication 
cost; the development of portable devices; and the manipulation and detection at the 
cellular length scale [48]. The scaling down of devices lead to a scaling down of the 
forces that rule the fluid behaviour. While some effects scale linearly with typical 
lengths l, others are nonlinear and scale with l2 or l3. Therefore, the development of 
microfluidic devices is accompanied by phenomena that are unknown from 
observation of the fluid behaviour at the macroscale. A detailed analysis of fluid 
dynamics is beyond the scope of this thesis. However, it is necessary to understand 
the key aspects of flow dynamics at the microscale. Down to microflows, i.e. not 
valid for nanoflows, a scaling analysis reveals the change in dominant transport 
phenomena.  
2.4.1 Scaling analysis 
The most important factor determining the flow regime in a fluidic system is 
the Reynolds number (Re). At high Re, the system is in a turbulent regime 
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characterised by chaotic behaviour of the flow field. A low Re means that the fluidic 
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where u (in m/s) is a characteristic velocity, l (m) a characteristic length, ρ (kg/m3) 
the density of the fluid and μ its dynamic viscosity (Pa.s). In the case of a rectangular 
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where A is the cross section of the channel (m2) and P its wetted perimeter (m). In a 
pipe, the transition between laminar and turbulent flow occurs around Re = 2300. 
The Reynolds number is the ratio of inertial forces that scale with 1/l, to viscous 
forces that scale with 1/l2. Therefore, it is expected that reducing the size of a fluidic 
system will result in a smaller Re. Typical hydraulic diameter in microfluidic devices 
is of the order of 100 μm. Typical flow velocities are of the order of 1 cm/s, the 
density of an aqueous solution is about 1000 kg/m3 and the viscosity about 10-3 Pas. 
Such features result in a Reynolds number of 1 characteristic of a flow in the deep 
laminar regime. Thus, as opposed to the macroscale system where transport 
processes such as heat and mass are enhanced by turbulences, at the microscale, 
transport processes happen much more slowly because they are mostly diffusive. The 
Péclet number is the ratio between advective mass transport and diffusive mass 
transport. It is defined as: 
D
ulPe∝  (2-17) 
where D (m2/s) is the diffusion coefficient. Typical diffusivity in water is of the order 
of 1x10-5 cm2/s1. Entering this number in Equation (2-17) gives a Péclet number of 
10000. This means that advective mass transport dominates in microfluidic devices. 
In most microfluidic devices, advection is parallel to the flow direction. Therefore, 
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mixing only occurs by diffusion. The ratio between the channel length required to 




0∝  (2-18) 
where F0 is the Fourier number with typical values from 0.1 to 1 [49]. Entering the 
Péclet number calculated before and a typical width of 100 μm, leads to a possible 
required length for two streams to mix of up to 1 metre, which is not acceptable for a 
miniaturised device. One of the techniques used to improve this situation is the 
generation of chaotic advection by placing periodic mixing structures or patterns in 
the microchannel [50, 51] . 
2.4.2 Pressure-driven flow 
In most microfluidic applications an active process is used to transport the 
fluid in the device.  Pressure-driven flow is the method used throughout the work 
presented in this thesis to transport the fluid through the devices. The pressure 
difference between the inlet(s) and outlet(s) is generated by syringe pumps. Pressure-
driven flow exhibits a characteristic Poiseuille profile. A fundamental law of fluid 
mechanics is the no-slip boundary condition that states that, at a solid boundary, the 
fluid will have zero velocity relative to the boundary.  A typical velocity profile of a 
pressure-driven flow is shown Figure 2-16. 
 
Figure 2-16: Characteristic velocity profile of a pressure driven flow in a microchannel 
Multi-parameter quantitative mapping of microfluidic devices 
Theory 33 
The velocity gradient across the channel generates spatial heterogeneity in the 
residence time of the fluid. Whereas fluids at the middle of the channel have high 
velocity, in the thin layer close to the wall, fluids have a virtual infinite residence 
time, hence more time to diffuse. Whereas at the macroscale the boundary only 
affects the fluid in a relatively thin layer close to the wall of the system, in 
microfluidic systems the influence of the boundary extends over the whole device. 
Therefore, in microfluidic devices, the boundary can be used to determine flow 
profiles and control temperature in a much better way than in macroscopic vessels 
[52].  
The parabolic velocity profile shown in Figure 2-16 is characteristic of the 
laminar flow of a Newtonian fluid in a rectangular channel. An analytic solution to 
the flow of a Newtonian fluid in a duct of rectangular cross-section with sides 























where w(x,y) is the downstream velocity, μ is the viscosity, and dp/dz the constant 
pressure gradient down the channel. With the boundary conditions: w(±a,y) =      

































where λn = (2n+1)π/2b. The through thickness average ∫−=
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2.5 Microscale Flow Visualization Techniques 
The growing interest in miniaturisation of fluidic systems that emerged in the 
late 80’s has encouraged scientists to develop microscale visualisation methods. 
Although the flow regime in microscale structure is laminar and should a priori 
bestow privileges to accurate computational fluid dynamic calculations, microscale 
flow visualisation has played a central role in the development of microfluidics 
technology for several reasons: initial uncertainty about the geometry of the device, 
about the chemical and physical properties of the boundaries of the microchannels, 
and about the chemical and physical characteristics of the flowing media result in 
unpredictable flow behaviour in microfluidic devices. Furthermore, in cases of 
chemical reaction, the interaction between mass transport and conversion are not 
calculable to date [54]. Therefore, flow visualisation is important to investigate the 
flow behaviour at the microscale, provide experimental data to computation fluid 
dynamics modellers and assess novel microfluidic systems. 
In order to visualise fluid transport, the fluid needs to be locally altered for its 
motion to be detectable. Whereas they all share this particularity, microscale 
visualisation methods are divided into two subgroups: scalar-based flow velocimetry, 
where the motion of the bulk fluid is inferred from the observed velocity of a 
conserved scalar, and particle-based flow velocimetry, where the motion of the bulk 
fluid is inferred from the observed velocity of marker particles [2, 55]. 
2.5.1 Scalar-based methods 
In scalar-based methods, alteration of the properties of a small volume in the 
device allows for its dispersion to be monitored along the channel. Photophysical 
alterations are realised by the introduction of fluorescent or phosphorescent tracers. 
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The bulk fluid properties can also be altered by IR heating or photochromic reaction 
(change of colour).  
Tracking a locally excited fluorescent tracer is practically unfeasible because 
fluorescence is a fast decaying process (ns range). Therefore, researchers use 
fluorescence in conjunction with photobleaching, caging molecules or change of the 
quantum yield of the fluorescence process.  
Photobleached-fluorescence imaging of microflows was developed by Mosier 
and Santiago [56]. They used a 0.5 W focused argon laser beam across a 
microchannel, to photobleach a stripe in the fluorescent solution. The motion of the 
stripe that appears dark on a bright background was imaged using the transmitted 
light of a mercury lamp and monitored by a CCD camera on a standard epi-
fluorescence microscope [57]. A characteristic result obtained using the 
photobleached-fluorescence imaging method is shown Figure 2-17. 
 
 
Figure 2-17 : Simulation (left column) and photobleached-fluorescence visualization (right 
column) of an analyte band travelling around a constant radius corner [57]. 
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The first application of caged fluorescence to microscale flow visualisation 
was reported by Paul et al. in 1998 [58]. Caged-fluorescent dyes are fluorophores 
with additional chemical groups that render the molecules non-fluorescent [2]. 
Locally resolved uncaging of the fluorophores by photolysis allows their dispersion 
to be monitored. Paul et al. used a tripled Nd:YAG laser at 355nm to produce a sheet 
of light having a thickness of 20 μm and a width of 500 μm for the uncaging step. 
The plane of this sheet was oriented perpendicular to the axis and directed to section 
the capillary. A second laser was used to excite the uncaged dye at 473 nm. The 
fluorescence was collected on an epi-fluorescent microscope by a CCD camera [58].  
As opposed to fluorescence, phosphorescence lifetime can be long enough 
(ms range) to track the dispersion of tracers in microfluidic devices [59]. 
Furthermore, the technique requires only one light source for excitation. However, 
due to the short timing scale (ms), its use is limited to studying high flow rate in 
microfluidic devices. The limitations of the technique are too restrictive for it to be 
widely used. Other scarcely used techniques include photochromic reaction where 
the absorption spectra of the flow is locally altered by exposure to UV light [60], and 
infrared heating where a CO2 laser is used for heating and an infrared camera for 
detection [61].  
2.5.2 Particle-based methods 
To date, three particle-based methods have been implemented for microscale 
flow visualisation. They were all existing methods for the visualisation at the 
macroscale before being adapted to study microscale flow behaviour. 
In laser Doppler velocimetry (LDV) two coherent laser beams are used to 
generate an interference pattern in the sampling volume. The sample is seeded with 
particles. As a particle travels at the intersection of the two laser beams, it reflects or 
scatters light from the positive interference region. The Doppler frequency-shift of 
the light is used to determine the flow velocity. It has been successfully applied to 
obtain velocity data in a microfluidic channel [62]. The implementation of LDV to 
study flow in microfluidic devices requires increased optical control and 
infrastructure to match the characteristic length of the beam with the microscale. 
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Furthermore, sampling is based on the probability of a particle crossing the 
interrogation area. This probability is decreased with decreasing volume where the 
introduction of higher particle concentration would alter the flow behaviour. 
In particle streak velocimetry (PSV), the displacement of particles is imaged 
on a single frame. The resulting image is a bright background with dark lines 
representing the displacement of particles. The main advantage of the technique is 
that it requires little equipment to provide quantitative data. It has been successfully 
applied to microscale flow visualisation [63]. Whereas PSV images are useful to 
characterise the profile of the flow, the technique lacks reliability and accuracy [55]. 
2.5.3 Principles of Micro-Particle Imaging Velocimetry  
First introduced in 1998 by Santiago et al. [1], micro-particle imaging 
velocimetry (μ-PIV) is to date the most well-developed microscale flow visualisation 
method. The Santiago et al. paper has become a pivotal work with over 400 citations 
(Web of Knowledge as of October 2010).  
 
Figure 2-18: Cumulative number of articles reporting the use of μ-PIV as imaging technique, 
data as of October 2010 obtained from Web of knowledge. 
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Since its first report, the use of μ-PIV has been constantly expanding (as 
shown in Figure 2-18) with the emergence of ever novel configurations. The 
technique has been extensively reviewed in recent publications and books [2, 64-67]. 
In μ-PIV, two successive images of the seeded flow are taken at a known 
time interval, Δt. The images are subdivided into interrogation areas which are cross-
correlated to determine the most probable local displacement, Δx. The flow velocity 
(u) in an interrogation area is obtained by dividing the measured displacement by the 





=  (2-23) 
As opposed to streak imaging, where a long exposure camera is used to record the 
displacement on a single frame, μ-PIV requires the capability to record discrete 
particles at two known times. Therefore, the light collected to generate the two 
images needs to be gated. When continuous illumination is used, the detector must be 
gated or a shutter must be introduced into the light path. For better time resolution 
some researchers have used the frequency-doubled emission from two Nd:YAG 
lasers. This allows the interval between two recordings to be varied from tens of 
nanoseconds to a few seconds [66].  
The particles used in μ-PIV range from 200 nm to 2μm in diameter. They are 
often fluorescently-labelled and mostly made of polystyrene or latex. Fluorescent 
beads are used in epi-fluorescence mode and their positions are determined by the 
emission of light following excitation. The position of non-fluorescent tracers is 
determined from the light scattered from the beads. Quantum dots have also been 
used and exhibit several advantages: they are small (nm), have a broad excitation 
band and are not susceptible to photobleaching. However, due to their small size, 
they are more susceptible to Brownian motion. The effect of Brownian motion sets 
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where D is the diffusivity of a spherical particle. In 1905, Einstein predicted that 
Brownian motion of a particle in a fluid at temperature T is characterised by a 
diffusion coefficient [68]. The diffusivity of a spherical particle is given by 






=  (2-25) 
where kB is Boltzmann’s constant, T is the temperature of the fluid, and μ its 
dynamic viscosity. The error due to Brownian motion increases with d-1/2, and Δt-1/2. 
It becomes significant (20% error due to Brownian motion) for particles with 
diameter smaller than 500 nm, flow velocities lower than 0.5 mm/s and time interval 
of 100 μs [66]. Error due to Brownian motion, which is a random process, can be 
reduced by looking at several particles or averaging over many sets of images. 
Therefore, in order to correctly calculate the velocity field map, there are several 
factors to take into account. Firstly, the tracer particles need to be small enough to 
faithfully follow the flow motion and not to block the channel, but not too small, to 
avoid large errors due to Brownian motion. Secondly, the number of detected 
particles per interrogation area needs to be sufficiently high for averaging purposes 
but not too high to disturb the flow. This can be realised by collecting a sufficient 
number of image pairs for enough particles to be detected in each interrogation area.   
As opposed to macroscopic PIV where a sheet of light is used, μ-PIV uses 
wide field illumination in which the entire depth of the device is flooded by light.  
The measurement plane in μ-PIV is defined by the depth of field of the collecting 
optics. The measurement depth for volume illumination has been calculated [69, 70]. 
It allows for the depth of correlation to be estimated. The depth of correlation is 
defined as the depth over which particles significantly contribute to the correlation 
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where ε  ≈ 0.01, n0 is the immersion medium, dp the diameter of the tracer particle, 
NA and M, the numerical aperture and the magnification of the collecting objective, 
respectively, and λ the wavelength of the light collected by the objective. The depth 
of correlation has a quadratic dependence on the NA of the optics used. It becomes 
small when high NA objectives are used. High NA objectives are used to image 
small particles, which are susceptible to Brownian motion. Therefore, in such a 
configuration, the particle can quickly move between in-focus and out-of-focus plane 
resulting in an increase in the measurement noise. However, it is desirable to 
minimise the correlation depth when there is a strong velocity gradient in the 
z-direction in order to reduce biasing of velocity measurements due to particles far 
from the focal plane [1]. 
2.5.4 Extension and improvement of μ-PIV 
A review of the over 400 papers dedicated to μ-PIV is beyond the scope of 
this thesis. However, there have been some interesting works reported which 
overcome characteristic shortcomings of the conventional technique or extend the 
use of μ-PIV to other purposes than characterising flow fields.   
Conventional μ-PIV requires at least one transparent optical window to 
deliver the illumination light and record the position of moving particles. Although 
most of the microfluidic prototypes are made of relatively transparent materials, 
either micro-machined PMMA or cast PDMS sealed with a microscope coverslip, 
some applications require characterising fluid flow in opaque conditions. X-ray 
μ-PIV has been used to investigate blood flow in opaque materials [71]. IR μ-PIV 
has been used to characterise the flow behaviour in a silicon heat sink [72].  
The nature of the illumination used for μ-PIV also presents some limits. The 
measurements allow only for 2-dimensional (2D) maps to be generated and two 
components (2C) fields to be calculated. This means that the measurements are not 
spatially resolved in depth, and out of plane velocity components are not measured. 
In order to limit the depth of measurement, evanescent wave illumination was used 
to study flow near the wall of microchannels [73]. To resolve the measurement in 
3D, researchers have adapted fast scanning confocal microscopes to investigate flow 
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behaviour in a thin plane of a device [74]. Stereoscopic μ-PIV has been attempted to 
obtain 2D-3C measurements [75]. However, due to the contradictory requirements of 
these two techniques (low NA for stereoscopy, high NA for μ-PIV) and the difficulty 
in separating the two cameras by a large enough angle to obtain good accuracy in the 
out of focus velocity components, stereoscopy did not encounter the same success at 
the microscale as at the macroscale. Algorithms can also be used to retrieve in-depth 
information of the position of the particles. For example, fluorescent particles smaller 
than the diffraction limit of the imaging system can create a ring pattern that is a 
function of their distance from the focal plane [76]. 
In biology, μ-PIV has been used in-vivo to track the motion of red blood cells 
in the arteriole of a rat [77]. μ-PIV has also been used as a thermometry technique in 
microfluidic devices [78]. By detecting the Brownian motion of particles the 










222  (2-27) 
where s2 is the mean square displacement of a particle. 
The growing interest in developing microfluidic applications has encouraged 
scientists to develop microscale flow visualisation methods. At the end of the 90’s, 
several major methods emerged. The choice of the method is mainly determined by 
the application of interest. However, thanks to its versatility and its superior 
capability for high spatial and temporal resolution data, μ-PIV is the most well 
developed microscale flow visualisation method to date. In this work it has been 
chosen to generate velocity field maps of microflows. 
2.6 Physics of optical tweezers 
The manipulation of particles by radiation pressure dates back to 1970 as first 
reported by Ashkin [79]. His group first demonstrated optical trapping using 
radiation pressure from a tightly focused laser beam 16 years later [80]. The features 
of optical tweezers make them the ideal tool for micromanipulation in microfluidic 
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devices. The principles of the technique are presented herein along with a short 
review of the different tasks optical tweezers can perform in microfluidic devices.  
2.6.1 Principles and characteristics 
Interaction between light and particles in the Mie regime (where the diameter 
of the particle is large compared to the wavelength of light) can be analysed by ray 
optics [80]. A photon has energy and momentum. When light is refracted by a bead, 
its momentum is changed. In order to satisfy Newton’s third law, an equal and 
opposite momentum change is imparted to the bead. Therefore, for the force 
resulting from refraction to work towards trapping, the bead has to have an index of 
refraction higher than its surrounding medium. By convention, the forces resulting in 
trapping an object are divided into scattering forces in the direction of the beam and 
gradient forces perpendicular to the beam direction or in the axial intensity gradient. 
Figure 2-19 shows the forces experienced by a bead placed in a laser beam.   
 
Figure 2-19: Ray diagrams of a transparent bead subjected to optical pressure exerted by a 
laser. Gradient forces and change of momentum of ray B resulting in the bead being attracted 
toward higher intensity region of the laser beam (Figure 2-19(a)).  Tightly focused laser beam 
resulting in the bead being trapped (Figure 2-19(b)). 
For the sake of clarity, only two rays have been drawn on the representation in 
Figure 2-19. In Figure 2-19(a), the bead is on the left of the axis of maximum 
intensity. Due to heterogeneity of the change in photon momentum after refraction, 
the bead will be subjected to a net force pushing it towards region of higher intensity.  
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This force is called gradient force. When the bead is in the axis of highest intensity, 
the net resulting gradient force will be pushing the bead towards the laser focus. 
However, reflection and absorption by the bead are responsible for the scattering 
force that acts in the beam propagation direction. The scattering force decreases with 
increasing distance from the focus. In order for the gradient force to counter interact 
sufficiently for the bead to be trapped in 3D, the optical setup necessitates the use of 
a high NA objective to obtain a steep gradient of light. As a result of trapping by 
equilibrium of the gradient and scattering forces, the bead is held slightly below the 
laser focus (further from the laser focus in the beam propagation direction). A 
displacement of the bead outward from its equilibrium position will induce an 
imbalance of the forces that will bring it back to its trapping position. In the vicinity 
of the focus, the optical trap behaves like a spring exerting a force on the bead 
proportional to its displacement from the centre of the trap. Like a spring, the trap is 
characterised by its stiffness, given by: 
c
nQPFtrap =  (2-28) [81] 
where n is the refractive index of the surrounding medium, Q is the efficiency of the 
trap, P the laser power, and c the speed of light. The efficiency of the trap Q ranges 
between 0 and 1. For a small dielectric particle, Q typically lies in the range between 
0.03 and 0.1 [81]. It refers to the amount of momentum transferred to the trapping 
force.   
The force of the trap is an important parameter when using optical tweezers 
in a microfluidic device because it will determine under which flow conditions and 
fluid characteristics the laser tweezers will be effective in trapping. The force 
required for the laser to hold a bead in a stream of flow rate u is characterised by: 
ruFdrag πρυ6≈  (2-29) [82] 
where ρ is the fluid density, υ its dynamic viscosity and r the radius of the bead. In 
order for a bead to be trapped, Ftrap has to be greater than Fdrag.  
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2.6.2 Use of optical tweezers 
With the generalisation of the use of optical tweezers, ever more applications 
emerge to manipulate micro-objects in microfluidic devices. 
A circularly polarised beam can be used to rotate a trapped object [83]. In that 
case, the angle of the birefringent plate controlling the laser polarisation is used to 
control the rate of rotation. Similarly, a birefringent object can rotate and be aligned 
due to the forces exerted by a linearly polarised laser beam [84]. The shape of 
microfabricated micro-objects can also be used to generate rotation [85]. In that case 
it is the anisotropic geometry of the objects that induces a torque as a result of the 
heterogeneous momentum transfer at their surfaces. Microfabricated microstructures 
with form birefringence are easily applied to various applications such as light-driven 
microelectromechanical systems (MEMS) and microfluidic control devices such as 
micropumps and micro-stirrers [86]. 
In order to trap multiple objects, the laser focus can be scanned at high speed 
using galvano scanners equipped with mirrors. The scanning can be performed either 
continuously and induce a movement of the particles [87] or discretely in which case 
the laser is irradiating the particle intermittently before the Brownian motion brings 
the particle away from the laser focus [88]. The capability of galvano scanners are 
limited by their scanning rate. However, it is possible to trap and manipulate many 
more particles using piezoelectric mirrors [89]. As opposed to time distribution of the 
laser light, researchers have also used the shape of the beam to adapt the trapping 
capabilities. Several techniques have been employed: Bessel beams allow the depth 
of trapping, usually limited to the objective working distance (ca 100 μm) to be 
extended, hence exhibiting multi-trapping capability [90]; the use of a computer-
controlled spatial light modulator (SLM) allows the generation of 3D arrays of laser 
foci and their independent movement [91]; recently, the use of a SLM to create two 
foci to trap an object has shown trapping capabilities using low NA and long 
working distance objectives [92]. This is particularly valuable when high laser power 
is not desired on the trap and for imaging applications that require trapping and a 
large field of view. 
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Finally, laser tweezers have been used to measure forces in microfluidic 
devices. They can be used to generate 3D maps of flow fields by looking at a bead 
intermittently trapped and released in a flow. By looking at the displacement of the 
bead from the laser focus, the flow field can be determined locally [93]. Looking at 
the displacement of a bead from the laser focus leads to force measurements with 
sensitivity of 27 fN in a range of 5.2 pN [94]. Optical trapping in the pN range is 
useful to study the mechanical properties of biomolecules. Two counter propagating 
beams can be used to stretch a cell [95] or two beads can be attached at both ends of 
a biomolecule and pulled away from each other to study the specimen elasticity [96]. 
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3 EXPERIMENTAL 
The main experimental setups and methods used in order to achieve the aims 
of this work are presented in this chapter. These were steady-state and time-resolved 
fluorescence spectroscopy, wide-field and 2-photon excitation fluorescence lifetime 
imaging microscopy, micro-particle imaging velocimetry, the fabrication of 
microfluidic devices and the development of an open-frame microscope. A 
description of the materials used is given. The experimental details relative to 
specific work are given in relevant chapters. 
3.1 Steady state measurements 
The absorption spectra of the optical filters and of the solutions were 
recorded using a UV-visible spectrophotometer (CARY 300 Conc, Varian). The 
fluorescence spectra were recorded using a spectrofluorometer (FluoromaxTM, 
SPEX®). Typical settings were 2 nm bandwidth slits for emission and excitation 
monochromator arms, 0.1 s integration time, and increment of 1 nm. The solutions 
were contained in 1 cm pathlength microcuvettes (108.002F-QS, Hellma®) made of 
Quartz SUPRASIL®. 
3.2 Time-resolved fluorescence measurements 
3.2.1 Experimental setup 
The equipment Figure 3-1 was used to record fluorescent decays using the 
time-correlated single photon counting (TCSPC) technique. The equipment is set up 
in the Collaborative Optical Spectroscopy Micromanipulation & Imaging Centre 
(COSMIC). 
The laser system is a commercial system supplied by Coherent Inc. It consists 
of the Verdi V-10 Nd:YVO4 laser delivering 10 W at 532 nm, used to pump the Mira 
900-F Ti:Sapphire laser, tuneable from 700 nm to 1000nm, and delivering pulses at 
76 MHz of about 200 fs duration. 
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Figure 3-1: Schematic of the experimental setup used for fluorescence lifetime measurement 
using TCSPC. 
A frequency of 76 MHz corresponds to a pulse every 13 ns. Most of the 
useful fluorophores have a fluorescence that extends beyond 13 ns. Therefore some 
of the pulses emitted by the Ti:Sapphire have to be rejected. This is done using a 
pulse picker (Model 9200, Coherent Inc.) which consists of an acousto-optic 
modulator. The acousto-optic modulator deflects some of the pulses, resulting in a 
tuneable useful output repetition rate that ranges from 9.5 kHz to 4.75 MHz. Most of 
the fluorophores absorb light in the UV-visible region, therefore, the Ti:Sapphire 
emission wavelengths are not appropriate. In order to reach useful wavelengths, the 
system also incorporates a second (and third) harmonic generator (Model 5-050). 
The second harmonic is produced through a non-centrosymetric medium (Lithium 
Triborate and Beta Barium Borate) [97] which has a non-zero second order tensor 
χ(2). Under an applied electric field, this tensor implies a dipole oscillating in the 
crystal at 2 times the original frequency. Assuming an incident light with high power 
density, some of it will be frequency doubled by the crystal. The maximum output 
power was measured to be 9 mW at 400 nm (second harmonic). The output of the 
second harmonic is split using a beam splitter. The reflected part is directed towards 
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a photodiode that delivers the start signal to the single-photon counting card 
(TCC-900). The reflected beam is used for the photodiode to give about -600 mV 
(measured with an oscilloscope) output voltage on detection of a pulse. The threshold 
of the constant fractional discriminator for start pulse detection is typically set to -
300 mV. The beam transmitted through the beam splitter is directed towards the 
sample chamber through a Soleil-Babinet compensator and a pair of neutral density 
filter wheels. The Soleil-Babinet compensator is a pair of opposed birefringent 
crystal wedges the optical axis of which lies at 45° to the polarisation of the incident 
laser beam. The laser beam, originally horizontally polarised, is vertically polarised 
at the output of the compensator. A vertically polarised excitation beam together with 
a collection of the fluorescence emission at the magic angle prevent anisotropy from 
affecting the recorded data. The distance the beam needs to travel across the crystal 
is wavelength dependent. It is adjusted before each experiment through the control 
software (F900 Edinburgh Instrument) using the simplified relation (Equation (3-1)): 
λ
62.41
=Q  (3-1) 
where Q is the calibration factor and λ is the wavelength in nm of the incident beam.  
The neutral density filter pairs are used to control the intensity of the 
fluorescence and hence the stop rate of the TAC. In order to avoid pulse pile-up in 
the emission distribution and deterioration of the MCP PMT, the filters were set for a 
maximum stop rate of 40 kHz. 
The instrument response was recorded before and after every experiment 
using light scattered from the excitation beam by a suspension of colloidal silica 
(Ludox, Aldrich), at a stop rate up to 2 kHz.  In the sample chamber (FL920 series 
spectrometer, Edinburgh Instruments), the beam was focused to the sample 
(f ~ 10 cm) and directed toward a beam dump. The samples were contained in 1 cm 
path length Quartz SUPRASIL® cuvettes (Type No. 108.002F-QS, Hellma®) and the 
emission collected perpendicular to the excitation. An adjustable iris (2 mm to 
37 mm) separated the sample chamber from the monochromator. It allowed the 
volume of the sample from which emission is collected to be controlled. The larger 
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the aperture, the greater the range of path lengths to the anode of the microchannel 
plate photomultiplier tube (MCP PMT), the longer the transit time spread and the 
broader the instrument response. The emission was focused by a lens (f ~ 10 cm) and 
passed through the emission polariser set at 54.7 degrees relative to the excitation 
beam polarisation. The entrance and exit slits of the monochromator control the 
bandpass (usually set to 10 nm) of the emission. The detector, a MCP PMT 
(Hamamatsu R3809-50) was sensitive over the range 160 nm to 850 nm, with a gain 
of up to 2.0×105 and a transit time spread of 25 ps (manufacturer specification) [98]. 
The TCSPC electronics are integrated onto a single photon counting card (TCC 900, 
Edinburgh Instrument).  The time-to-amplitude converter has a time range from 
2.5 ns to 50 μs, over a maximum of 4096 channels (minimum time per channel: 
610 fs) and a dead time of 112.5 ns [99]. 
3.2.2 Data analysis 
Decays are recorded and analysed using F900 (Edinburgh Instrument Ltd.) 
software. Using initial parameters set by the software user, F900 iteratively fits the 


















where B accounts for a constant background (dark counts of the detector) and Ai 
represents the amplitudes of components having a lifetime τi.  
The recorded data can be fitted regardless of the instrument response from 
data points situated away in time from the instrument response function. This simple 
analysis method is referred as to ‘tail-fitting’ and uses the best fit of Equation (3-2) to 
the decay curve. However, short lifetime components are not resolved by this 
method. In order to compensate for the instrument response, an instrument response 
function (IRF) must be convoluted with the fitted decay function. The shape of the 
IRF is representative of the excitation pulse and the time response of the detector. 
Figure 3-2 shows a typical IRF. 
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Figure 3-2: Typical instrument response function recorded with the experimental setup 
Figure 3-1. 
The instrument response function is characterised by its shape and its width at full 
width half maximum (FWHM). The system used in this work shows an instrument 
response as a pulse of ~70 ps FWHM. The raw data S(t) recorded using TCSPC 
represents a convolution of the instrument response E(t) with the sample function 
R(t). The mathematical relationship between the sample response function R(t), the 
IRF E(t) and the sample function S(t) is given by the convolution integral [100]: 




With knowledge of R(t) and E(t’), S(t) can be calculated and the fluorescence 
lifetime values are determined by iterative non-linear least squares fitting. The 
quality of the fit is evaluated using the Chi-Square (χ2) criterion and the residual data. 













2χ  (3-4) 
where k is the index for each data point, wk is the weighting factor, Fk are the 
experimental values and Sk the calculated values. Lifetime data acquired using 
TCSPC follow a Poisson distribution, for which the mean count is equal to the 
variance. Hence the weighting factor is given by Equation (3-5): 




w 1=  (3-5) 
Mathematically speaking, a perfect fit is characterised by a χ2 of 1.0. For the 
experimental system used here, χ2 values between 1.0 and 1.2 were indicative of 
acceptable fits.  However,  systematic errors in the data can result in χ2 values in 
excess of 1.5 [101]. This does not mean that the model used is incorrect but rather 
that the quality of the data is poor. A χ2 smaller than 1 is out of the theoretical limit 
for Poissonian distribution. This can be due to an inappropriate fitting range. 
Obtaining a good χ2 is necessary but not sufficient to assess the quality of curve 
fitting. A visual inspection of how the fitted curve matches with the experimental 
data is also required. A visual inspection of the residuals has also to be performed to 
validate a fit. The residual function (Rk) is the difference between the weighted 
calculated intensities and the weighted experimental intensities at each point. It is 
given by Equation (3-6): 
)( kkkk FSwR −=  (3-6) 
For an acceptable fit, the residual data should look like a random distribution of 
points around zero.  
In solution, a fluorophore may exist in more than one emitting state, e.g. 
multiple conformational forms, resulting in a multi-exponential decay. In the case 
where two conformational forms, C1 and C2 are present, the decay would be bi-
exponential with exponential factors τ1 and τ2 corresponding to the fluorescence of C1 
and C2, respectively. With respect to Equation (3-2), the pre-exponential factors A1 
and A2 represent the contribution of the species C1 and C2 to the overall fluorescence 
decay. Unfortunately, this only works conceptually because mathematically, in 
Equation (3-2), Ai and τi are correlated parameters. This problem can be overcome 
by recording a series of decays that describe the system under different conditions 
(e.g. changing the excitation or emission wavelength) and perform simultaneously a 
global analysis on all the decay curves recorded. In the case of species C1 and C2, the 
lifetime values τ1 and τ2 should be independent of the changing conditions. It is 
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therefore possible to calculate the A-factors (which will vary) independently from τ1 
and τ2. Furthermore, because it is based on a larger number of data points, global 
analysis of statistically independent measurements results in an increase of the 
certainty of the calculated fluorescence lifetimes. 
3.3 Wide-field fluorescence lifetime imaging 
microscopy 
Wide-field fluorescence lifetime imaging microscopy (FLIM) was used in 
conjunction with two different microscopes. More attention will be paid to the 
implementation of wide-field FLIM onto a custom-built microscope in Chapter 6. 
FLIM uses the same principle as TCSPC except that spatial information is acquired. 
The light source used is the same as described in Chapter 3.2.1. The remainder of the 
equipment is shown Figure 3-3.  
 
 
Figure 3-3: Schematic of the FLIM setup on a commercial inverted epi-fluorescence microscope.  
As for TCSPC, a portion of the excitation beam is diverted toward a 
photodiode which gives the triggering signal to the electronics. The rest of the beam 
is attenuated through three neutral density filter wheels (from fine to high 
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attenuation), expanded and collimated through a lens pair, spatially filtered by an 
aperture, and delivered into an inverted epifluorescence microscope (Nikon TE300). 
The filter cube holds a dichroic mirror and two integrated filter holders. The dichroic 
mirror reflects the excitation light to the sample. The emission is collected as 
epifluorescence through the objective and the emission filter and directed toward 
either the eye-piece or one of the detectors.  
3.3.1 Time-gated technique 
The time-gated intensified camera used in this study is a Picostar HR-12QE 
(LaVision GmbH, Germany). The delay is given by a DEL150 picosecond delay 
module (Becker and Hickl GmbH, Germany). The camera is peltier cooled, 12bit, 
progressive scan interline sensor with 1376 horizontal by 1040 vertical pixels 
(6.45 µm x 6.45 µm). Each pixel saturates at 4050 counts. A maximum count 
between 3000 and 4000 was achieved using neutral density filters and by varying the 
exposure time of the camera (usually set to 200 ms). The gate width and delay steps 
were usually set to 500 ps. In order to obtain good image quality, an average of 
5 exposures was recorded. Once recorded, the images were analysed using the 
software provided by the manufacturer (DaVis 6.2). This software allows the 
construction of single exponential decay images by non-linear regression of the time-
correlated data recorded in each pixel and extraction of data from regions of interest 
for further analysis of the decay curves. 
3.3.2 Time- and space-correlated single photon counting 
TSCSPC technique was first reported in 2003 [102]. It is based on a space-
correlated TCSPC detector (Europhoton GmbH). A schematic diagram of the 
detector is shown Figure 3-4. 
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Figure 3-4: Schematic of the TSCSPC detector and working principle [102]. 
When a photon hits the photocathode, a photoelectron is emitted and a cone-shaped 
cloud of electrons is created by a pair of MCPs.  The electrons are then collected by 
four independent detectors, the quadrant anode. The centre of the disk created on the 
quadrant-anode by the cloud of electrons corresponds to the position at which the 
photon has struck the photocathode. The X and Y coordinates of the incident photon 
are obtained as combinations of the four output voltages provided by the quadrant 
anode [103]. The time correlation is given by a TAC operating between the 
photodiode and the second MCP. 
The time correlation of the TSCSPC works in the same fashion as the 
TCSPC, i.e. detection count rate has to be kept low over the whole sample, the 
arrival times are addressed to 4096 channels each of 27 ps width. The channels can 
be binned: binning 10 channels will result in a channel width of 270 ps and a 
proportional increase in counts. The spatial resolution is limited by the image 
digitalisation of the pixel size. It has been approximated to be 250 nm with a 100x 
objective magnification [102]. The control software (QAcapture) is provided by the 
manufacturer. It allows visualisation of the intensity distribution while recording 
data.  Once recorded, data are analysed using QAAnalyis5. QAAnalysis5 allows: 
mapping of individual A-factor (Equation (3-2)) for fluorescence systems having up 
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to 4-component exponential decays; the generation of FLIM images; the extraction 
of decay curves from regions of interest (ROI) for further analysis. 
3.4 Two-photon excitation FLIM 
3.4.1 Optical setup 
Figure 3-5 shows a schematic of the setup used for 2-photon excitation FLIM 
(2PE FLIM). 
 
Figure 3-5: Schematic of the experimental setup used for 2PE-FLIM 
The laser used is the same model as the one described Chapter 3.2. Its output, 
at 720 nm and 76 MHz is used to excite the sample. The beam was reflected by a 
dichroic mirror and focused in the sample using a microscope objective (Nikon, x20 
Dry, 0.5NA). The focus was scanned in the sample using a scan head controlled by a 
software (Biorad Radiance 2100). The fluorescence was collected by a lens and 
filtered through a pair of fluorescence filters (shortpass 680 nm and 525 nm 
bandpass, Semrock).  The light detector was a fast PMT (PMH100, Becker & Hickl 
GmbH) with response time of about 150 ps at FWHM [104]. The start signal was 
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given by the laser through a pulse inverter, and the stop signal from the PMT output. 
The TAC of the photon counting card (SPC-730, Becker & Hickl GmbH) is activated 
on reception of a stop signal and measures the time interval until the next laser pulse 
(reverse mode operation). X and Y synchronising pulses from the scanning unit feed 
the photon counting card to synchronise data collection. The accumulation of arrival 
times of photons are registered pixel-by-pixel with the laser scanning.  
3.4.2 Experimental parameters 
The photon counting card is installed with a software package (SPCM, 
Becker & Hickl GmbH) preset by the manufacturer to operate the desired module 
(SPC-730, Becker & Hickl GmbH). Figure 3-6 is a screenshot of the control system 
parameters used in this work together with the user interface showing the raw image 
of a microfluidic T-junction.  
 
Figure 3-6: System parameters of the photon counting module. 
Multi-parameter quantitative mapping of microfluidic devices 
Experimental 57 
The TAC was operated with a 10 ns range and the arrival times of photons 
accumulated in 256 channels resulting in a resolution of 0.04 ns per channel. A final 
image was generated after averaging 10 times the arrival time of photons for 60 s in a 
128x128 pixels grid. The number of pixels in the x and y range was set to match the 
number of point the scanner scans. On the top left of the window shown Figure 3-6, 
the operation mode ‘Scan Sync In’ indicates that the counting module was triggered 
by the pixel clock of the scanner control unit Figure 3-5. A pseudo-real time 
operation mode is also available (‘Oscilloscope’) and was used while setting up the 
experiment to make sure there was no ostensible anomaly in the photon arrival time 
distribution. 
In the main panel of the software (not shown), the synchronisation count rate 
must match the repetition rate of the laser (76.1MHz) and the TAC detection 
frequency was kept below 300kHz to ensure: a sustained count rate (preventing 
saturation of data transfer); protection of the PMT (by placing neutral density filters 
in the collection arm of the beam path); and to cope with the timing required to 
correctly record photon arrival time distribution (Stop rate ≤ 1% x Start rate).    
3.4.3 Fluorescence lifetime maps 
Fitting of the decay pixel-by-pixel was performed as described chapter 3.2 by 
a data analysis software (SPCImage, Becker & Hickl GmbH). The raw data are 
displayed as an intensity image, spatially resolving the sum of photons recorded on 
each pixel and pseudo-coloured to show the variation of intensity across the image. 
The decay curve at each pixel was tail-fitted to a single exponential decay and the 
FLIM image was displayed using a pseudo-coloured scale according to the curve 
fitting results.  
3.4.4 3D image stacking using ImageJ 
FLIM images of the devices were generated at different depth. In order to 
generate a 3D map of the microfluidic device, the images were stacked using a Java 
image processing program (ImageJ, [105]). 
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3.5 Micro-Particle Imaging Velocimetry 
Micro-PIV measurements were performed using a Dantec system. The setup 
consisted of three main parts, the hub (FlowMap System HUB, Dantec), the camera 
(HiSense PIV/PLIF, 12 bit, Double frame, Dantec), and the illumination source 
(Micro-Strobe, Dantec). The microfluidic device used was a custom-built device 
described in Chapter 3.7. The tracking particles were polystyrene microspheres of 
2 μm diameter kindly fabricated and donated by Dr. Rosario Sanchez-Martin and 
Juan Manuel Cardenas-Maestre [106]. 
3.5.1 Illumination 
The seeded flow in the microfluidic device was imaged using transmitted 
light from a pulsed green LED emitting at λmax = 530 nm with a FWHM of 35 nm 
(retailer specifications). A band pass filter (FF01-514/30-25, Semrock) was used in 
front of the source in order to attenuate the wings of the spectrum. The normalised 
LED emission spectrum and the emission filter normalised transmission are 
presented Figure 3-7.  
 
Figure 3-7: Normalised emission spectrum of the illumination source used in the μ-PIV setup 
(green line), and normalised transmission spectrum of the emission filter (red line) used to filter 
out the wing of the illumination spectrum. 
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As observed, the actual emission maximum of the LED is around 515 nm. 
Although the FWHM is quite narrow, the wings of the illumination spectrum are 
broad and need to be filtered for the μ-PIV illumination to avoid interference with 
fluorescence measurements. 
A schematic representation of the μ-PIV setup is presented Figure 3-8. 
 
Figure 3-8: Schematic representation of the μ-PIV experimental setup. 
The LED source is mounted underneath the ‘xyz’ microscope stage used to support 
and position the microfluidic device. An image of the source is created by a lens l1 at 
the back focal plane of lens l2. The lens l2 image the source at infinity. The light is 
collected by a microscope objective (x20, NA0.4, LMPlanFI, Olympus). An 
achromatic lens, l3 (EFL300, BFP298, NT45-125, Edmundoptics) was used to create 
an image of the microfluidic device on the camera. 
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3.5.2 Timing setup 
The camera and the illumination source are controlled by the hub the 
parameters of which were setup before operation. The camera is mounted on the 
microscope using a C-mount. It is a double-frame CCD camera with a detector 
consisting of 1280x1024 pixels. The double frame consists of 1280x1024 light-
sensitive cells and an equal number of storage cells. The CCD is exposed to the first 
LED pulse. As soon as the exposure time of frame 1 is finished, the resulting charge 
of the CCD is transferred to the storage cells. The CCD is exposed to the second 
LED pulse. The two frames are then transferred to the PIV processor. The exposure 
starting time and the delay between frame 1 and frame 2 is set up on the computer 
prior to recording. A schematic of the timing of the system is presented Figure 3-9. 
 
Figure 3-9: Double frame camera and LED timing. 
The pulse length (from 10 μs to 10 ms) and the repetition rate (1 Hz to 
4.3 Hz) of the LED as well as the time interval between two pulses forming a pair are 
set by the user on the computer. The length of the pulse determines the contrast and 
the sharpness of the tracked particles of the image. While long pulses can be used to 
image relatively slow flow and give a large contrast, short pulses need to be used for 
faster flow in order to resolve the particle.  
The exposure time of frame 1 and frame 2 are fixed. They are 10.9 ms and 
110 ms respectively. Therefore, it is important to set the timing for an equal amount 
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of light to reach the two frames. Background light should be kept to a minimum and 
the first pulse has to entirely reach the detector within the exposure time of frame 1. 
Unacceptable amounts of background light or problem in the timing setup results in 
frame 2 being overexposed (white image) and frame 1 underexposed (black image). 
The time interval between two pulses is set for the seeded particles to move by a 
maximum of 20% of the interrogation area. The size of the interrogation area is 
determined when generating the flow field map. A cycle corresponds to the time it 
takes for the two frames to be recorded and read. The minimum cycle time is 230 ms 
which corresponds to the sum of the exposure time of frame 1 (10.9ms), the exposure 
time of frame 2 (110ms) and the readout time of frame 2 (110ms). Therefore, the 
maximum repetition rate is 4.3Hz.  
3.5.3 Image Recording and Processing 
An image set consists of 80 image pairs (160 images). Figure 3-10 illustrates 
the principal steps required to generate a flow field map. The contrast of the recorded 
images is adjusted by calibration of the greyscale until the particles are visible. A 
mean image is created by averaging the value of each pixel over the 160 images. The 
mean image is then subtracted from each image. The result is a map where the 
particles appear as black dots on a white background (Figure 3-10.b). The size of the 
interrogation areas has to be determined for the software to be able to correctly map 
the flow field. A particle should not move by more than 20% of the interrogation 
area within the time interval between two pulses. 
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Figure 3-10 Generation of a flow field map. Raw image (a), image filtered by subtraction of a 
mean image (b), flow field map (c), velocity profile across the channel (d). 
The displacement of the particle is approximated from knowledge of the flow 









where dp (in μm) is the approximate distance that a particle will have travelled during 
the time interval Δtp (in μs), the time between two pulses generating an image pair, 
FR is the flow rate imposed by the syringe pumps (μl.min-1), W the width of the 
microchannel (in μm) and H its height (in μm).  
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The distance in micrometers is then converted into distance in number of 
pixels. The interrogation area is a rectangle the horizontal and vertical dimensions of 
which can be chosen between 16, 32, 34, 128 or 256 pixels. Because some particles 
will move from one interrogation area to the other, the interrogation areas need to be 
overlapped by at least the maximum displacement of a particle, ca. 20%. Once those 
parameters are correctly calculated, the program performs an average correlation for 
each interrogation area on the 80 images pair and generates a flow field map (Figure 
3-10.c) from which the flow velocity across the device can be extracted (Figure 
3-10.d). When necessary, filtering of the images and of the flow field maps can be 
applied such as range confirmation, averaging filters, and spatial masks. Finally, the 
flow is seeded with polystyrene beads so that at least 20 of them are seen in one 
interrogation area over the entire image set. 
3.6 Open-frame microscope 
Multimodal imaging microscopy is increasingly required to gather 
complimentary set of data. It has already been extensively used by researcher to gain 
multi-parametric insight into the system under study: multimodal imaging has been 
used in biology for the study of convective oxygen transport by microvessels using 
fluorescence laser scanning microscopy, spectral imaging and red blood cells flux 
imaging [107]; the successful combination of holographic optical tweezers and 
coherent anti-Raman spectroscopy has been demonstrated for the manipulation and 
imaging of cholesteric liquid crystals [108]; a system integrating total-internal-
reflection fluorescence, epifluorescence, differential interference contrast and 3-D 
deconvolution imaging modalities with TCSPC and optical tweezer has been 
developed for the study of molecular dynamics in cell membranes [109]. The 
development of a microscope that allows nearly simultaneous measurements has also 
been reported [110]. 
Although it is of interest to a wide scientific community, multimodal 
microscopy has not been accompanied by the commercialisation of suitable 
microscopes. Therefore, multi-parametric experiments require: the development of 
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optical setup on a floating table around the microscope body [107-110], or the 
sample to be moved between different microscopes having different capabilities 
[111]. Furthermore, the rigidity of the microscope usually impedes the simultaneous 
use of microscopic techniques requiring different illumination sources, detectors, 
cameras and detection wavelengths. Finally, the complexity of experiment-specific 
setup requires the expertise of optical scientist each and every time a new modality is 
implemented. In order to overcome the aforementioned limitation of commercially 
available apparatus, an open-frame microscope platform that permits: flexibility of 
the setup; simultaneous use of multiple techniques; and ease of optical alignments, 
has been fabricated. The use of the platform to combine optical tools and 
microscopic techniques will be discussed in Chapter 6 and 7 of this thesis. The 
principal fixtures of the microscope are presented below. 
The microscope is designed around a high-precision slotted aluminium 
platform mounted 20 cm above the optical bench. A schematic of the platform is 
shown Figure 3-11. 
 
Figure 3-11: CAD image of the open-frame microscope [112]. 
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The light sources and the microscope stage are mounted on the optical bench 
and the light coupled onto the microscope using telescopic mirrors. The cameras and 
detectors are held on the edge of the platform by cage plate adapter (SP05, Thorlabs), 
assembly rods (Thorlabs) and C-mount adapters (Adapter C-Mount/Microbench, 
Linos). A carrousel is mounted on the platform and accommodates up to three 
microscope objectives. On the platform, the optical components are held in slots by 
magnets (Figure 3-12) providing a convenient and robust semi-kinematic mounting 
system, flexibility in component location and ease of alignment. 
 
Figure 3-12: Schematic a barrel held in place by a magnet in the slot [112]. 
On the platform, mirrors are mounted on customised commercially available 
kinematic mirror mounts (KMS, Thorlabs) or on custom-build kinematic mirror 
mounts as shown Figure 3-13. 
 
Figure 3-13: Pictures of custom-made kinematic mirror mounts. 
Different setups have been implemented on the platform. They are described in 
details in relevant chapters. 
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3.7 Microfluidic device design and fabrication 
3.7.1 Design of the chip 
Early microfluidic devices were made from hard materials such as silicon or 
glass. Among the drawbacks these characteristics impose, the techniques required to 
fabricate devices presented some large technical and financial barriers for the rapid 
development of prototypes by researchers outside electronic engineering. In 1998, 
Whitesides and Xia [12] published a paper that would revolutionise the fabrication of 
microfluidic prototypes. Their technique, soft lithography, allows the fabrication of 
chemically inert, optically transparent (240 nm to 1100 nm) and disposable 
microfluidic devices with control over the chemistry of the surfaces. In this work, 
soft lithography has been used for the development of a microfluidic device that 
allows the control of the temperature gradient across the channel independently of 
analyte flow rate. As will be discussed in Chapter 6, the limitations of the micro-
particle imaging velocimetry system used and the prominence of heat flux due to 
convection in microfluidic devices motivated the development of a custom device.   
The microfluidic device design was drawn using CAD software (Autodesk®, 
Autodesk, Inc.). A few limitations must be taken into account when designing the 
device. The features size cannot be smaller than the resolution of the lithography 
technique used to fabricate the mould (~1μm). The feature aspect ratio, width divided 
by depth or length divided by depth, must be between 0.2 and 2 [113]. When the 
aspect ratio is too high or too low, the elastomeric character of the polymer used will 
cause the microstructures in the device to deform or distort and generate defects in 
the pattern [12]. Finally, sufficient space must be left around inlets and outlets to 
accommodate tubings feeding the device and support the pressure imposed by the 
syringe pumps. Figure 3-14 shows the design of a microfluidic chip and the 
corresponding mask used, as described hereafter. 
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Figure 3-14: Design of the chip (left) and mask used for photolithography (right) of the mould. 
3.7.2 Fabrication of the microfluidic device 
A master used as a stamp to pattern the microfluidic device is fabricated by 
photolithography of a negative photoresist polymer (SU8-2025, Microchem, Newton, 
MA) spin-coated onto a silicon wafer. The photoresist is patterned by UV-light 
exposure through the mask shown Figure 3-14 (right). The exposed regions harden 
and the wafer is developed (Propylen Glycol Monomethyl Ether acetate, 
Microchem). The wafer is then cleaned using isopropanol, dried using a nitrogen 
gun, and treated with fluorosilane (1H,1H,2H,2H-Perfluorodecylthriethoxysilane, 
Sigma-Aldrich) to prevent adhesion onto its surface. The master is then placed in a 
glass Petri dish. The next steps of the fabrication are shown Figure 3-15. 
A silicon polymer (Polydimethylsiloxane (PDMS), Sylgard 184, Dow Corning 
Midland, MI) is poured into the dish containing the master as shown Figure 3-15 (top 
right). The PDMS is first mixed with a hardener in a 10:1 ratio, the mixture is 
homogenised by manual mixing and then degassed in vacuum until all trapped air 
bubble are removed. The vacuum step is repeated after pouring the PDMS mixture 
onto the master. PDMS is then cured for 2 hours at 65ºC, peeled from the master and 
cut to size. Holes are punched (Harris Uni-Core) for future connection with tubing. 
The device is finally exposed to oxygen plasma together with a microscope coverslip 
(L4239-1, Agar Scientific Ltd, England).  After oxygen plasma exposure, the 
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coverslip is irreversibly bound with the exposed side of the PDMS chip (the side 
with engraved features). 
 
Figure 3-15: Step-by-step fabrication of a microfluidic device made of PDMS. 
After oxygen plasma treatment, PDMS is very hydrophilic but gradually 
recovers hydrophobic properties after a few hours [114]. In order to stabilise the 
hydrophilicity of the surfaces, the device is treated with APTES 
(3-aminopropyltriethoxysilane, Sigma-Aldrich). The treatment (0.1 ml APTES in 
0.5 ml HPLC grade water and 9.5 ml ethanol) is flowed in the device for 30 min. The 
device is then rinsed for 30 min with pure ethanol. The final composition of the 
device surface is shown Figure 3-16.  
 
Figure 3-16: Surface treatment of the microfluidic channels. PDMS after oxygen plasma (left), 
PDMS after APTES treatment (right). 
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3.7.3  Device operation 
Once mounted, the device was filled with the sample solutions and the liquids 
controlling the temperature across the microchannel by two double-barrel syringe 
pumps so that the flow rate in the microchannel is independent from the flow rate in 
the channel controlling the temperature. Details of the device operation are given in 
Chapter 6. 
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4 PROBING pH IN A MICROFLUIDIC 




Mapping of pH in microfluidic devices is of particular importance for the 
control of biochemical processes [115-117], the evaluation of the mixing properties 
of a device [51] and the study of flow dynamic properties at the microscale [118]. 
The present chapter describes the fluorescence of fluorescein (fluorescein sodium, 
Fluka) and C-SNARF (5-(and-6)-carboxy SNARF®-1, Invitrogen) in phosphate 
buffer saline (PBS) solutions from pH 6 to pH 8. Use of these dyes in combination 
with FLIM allows the imaging of pH gradient in a T-injection microfluidic device. 
Two different FLIM detection techniques are evaluated: time- and space-correlated 
single photon counting (TSCSPC) for the mapping of pH gradient in a microchannel 
using C-SNARF as pH indicator and time-gated detection when using fluorescein as 
pH indicator. The TSCSPC technique has been used to map the relative contribution 
of the acidic and basic forms of C-SNARF and its capability compared with the more 
commonly used time-gated technique. 
4.1.1 Importance of pH measurement in microfluidic devices 
Because of their scaled down size and their monolithic properties, 
microfluidic devices do not permit access of conventional apparatus for pH 
measurements. The pH is nevertheless a critical factor for controlled chemical 
reactions. It is of uppermost importance in microfluidic devices for the synthesis of 
nanoparticles [117], detection of protein-ligand binding [116], biofabrication of 
membranes [115], chemical synthesis [119], and the generation of monodisperse 
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microbubbles [120]. The potential practical applications that require the 
measurement of pH, especially in medicine, are numerous. Foetal blood tests are 
performed to determine the well-being of a baby, and blood pH tests are utilised to 
evaluate the susceptibility of blood cells to cancer development. Furthermore, urine 
pH tests can be utilised to investigate problems of gastric suction, kidney failure, 
kidney tubular acidosis, urinary tract infection, diabetic ketoacidosis, alkalosis, 
interstitial nephritis, acidosis, and sepsis. The implementation of microfluidic 
technology in diagnostic devices requiring the measurement of pH would reduce the 
sample volume and the analysis time. Due to their small size, miniaturised systems 
incorporating microfluidics have potential in field analysis either as handheld devices 
or as components of mobile laboratories for both point-of-care and forensic 
applications [121]. 
4.1.2 Previous measurement of pH in microfluidic devices 
The challenge of pH sensing in microfluidic devices has been tackled by 
researchers from different backgrounds with different techniques. However, two 
main categories of detection prevail. Electrochemistry is used by one section of the 
scientific community, while the other section favours fluorescence detection 
techniques. Measurement of pH by electrochemistry is realised by the 
implementation of micro-electrodes or ion-sensitive field-effect transistors (ISFET) 
in the microfluidic system. They are the miniaturised equivalent of electrodes and 
FETs used in conventional apparatus. The size of the detector has simply been 
reduced to cope with the size of microfluidic devices. 
Lin et al. [122] fabricated microelectrodes by sputtering an oxide-sensing 
layer onto platinum (Pt) electrodes and a reference electrode by deposition of AgCl 
onto a silver coated glass substrate. The reaction between the sample and the sensing 
electrode produces a change in chemical energy which produces a change in the 
potential between the two electrodes. Sensitivity close to conventional apparatus was 
observed. The main inconvenience of this technique is the dependence of the 
sensitivity on the size of the electrode (width needs to be controlled to ±20 nm). 
Furthermore, different pH values are obtained depending on whether the pH is 
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ramped from basic to acidic or acidic to basic. Finally, the sample reacts with the 
micro-electrode making the technique invasive, and the fabrication process is much 
more complex than for standard PDMS chips. 
Douglas et al. use a difference in acidification rate to discriminate between 
cancerous and healthy mammalian cells. They used microelectrodes in a microarray 
to capture and analyse the cells [123]. 
Difficulties encountered when scaling down microelectrodes [124] has 
encouraged scientific workers such as Cheng et al. to develop ISFET for 
microfluidics based on metal-oxyde-semiconductor field-effect transistor technology 
(MOSFET). In the case of back-gated ISFET, the system does not need a reference 
electrode and the gate is not in electrical contact with the analyte, only a SnO2 
nanobelt channel is actually in contact with the solution. Upon 
protonation/deprotonation of the belt, the field effect response of the device is 
proportional to the pH [125]. Although much less invasive than the electrochemistry 
based on microelectrodes, ISFETs are based on a reaction with the chemical 
environment. Furthermore, as for microelectrodes, the fabrication of microfluidic 
devices with an integrated FET based technology is relatively complex. Finally, the 
semiconductor does not have a linear response to pH over its operating range and has 
strong dependence of its response on ion concentration. 
Electrochemistry at the microscale requires micro-engineering, is invasive 
and is not able to resolve point measurement or map pH in microfluidic devices. In 
order to overcome some of these problems, researchers chose to use fluorescence 
techniques to probe pH at the microscale. Colorimetry has also been used, although 
rarely, to show the generation of pH gradient [115] or as proof of concept for inkjet-
printed microfluidic sensing paper [126]. The most common fluorescent techniques 
reported use a variation of the fluorophore intensity upon pH change [117-119, 127, 
128]. Fluorescence ratiometry [129, 130] and anisotropy [131] have also been used. 
Lee et al. [127] have developed a fluorescent hydrogel microarray that allows 
the measurement of pH and oxygen. Sensitivity of the fluorescence intensity of 
carboxyfluorescein-dextran conjugate to pH was calibrated. Images of the microarray 
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were recorded using a CCD camera. In order to determine a final pH value, intensity 
data from a rectangular region (50 x 70 pixels) at the centre of three wells were 
extracted and averaged. Thete et al. [119] reported a microarray that allows the 
assessment of solvent polarity and pH. The pH was assessed by the change of 
fluorescence intensity of fluorescein and rhodamine with change of pH. These 
studies show that fluorescence intensity is suitable for pH measurement in micro-
arrays. However, it is not appropriate for spatially resolving the pH values in each 
individual well.  
Shinohara et al. [118] used quinine in a laser-induced fluorescence (LIF) 
setup to measure the pH at the Y-junction of a microfluidic device. The main 
drawback of the intensity technique can be observed from their work with a pH map 
dependent on the homogeneity of the excitation beam and the need for averaging 
images to obtain consistent results. Their experimental results diverge from CFD 
simulation, especially at low flow rate. 
To study the change of pH induced by microelectrodes in a microchannel, 
Klauke et al. [130] used the relative fluorescence of C-SNARF-1-labelled beads that 
were optically-trapped at discrete points. The sensitivity of the technique is very 
limited due to the small relative change of the fluorescence intensity (0.08±0.01 for 
1 pH unit) with pH and low signal-to-noise ratio (SNR). 
To sense the pH in a microchannel, Mela et al. [128], immobilised 
rhodamine B and Oregon Green 514 onto a glass surface modified with 
3-aminopropyltriethoxysilane (APTES). This leads to a less invasive probing of the 
analyte but limits the study to the fraction of solution which is in contact with the 
glass wall of the device. Furthermore, the use of a confocal setup with intensity-
based detection does not allow the generation of an accurate quantitative mapping of 
the pH. 
Abou-Hassan et al. [117] used fluorescence confocal laser-scanning 
microscopy along with fluorescein to map the pH in a microreactor. Although 
computational and experimental results shown agree well with each other, this 
technique, which is based on spatially resolving the concentration of fluorescein di-
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anion in the device, exhibits low SNR and only allows identification of the region of 
high pH. Change in local concentration of the probe and of the acid and base (present 
in the device at high concentration) would seriously hamper quantitative mapping of 
pH in the entire channel. 
Fluorescence intensity-based techniques are impeded by variation in the 
optical path, uncertainty in the dye concentration, lack of spectral stability or spatial 
homogeneity of the excitation source and photobleaching effects. Ratiometry 
techniques can circumvent some of the aforementioned problems. However, this 
requires a cumbersome and time-consuming calibration procedure [132]. 
Electrochemical based techniques can only achieve micro-bulk measurements and 
are invasive. 
FLIM is a particularly attractive alternative for quantitative pH imaging in 
micro-systems. The probes available for intensity or ratiometric pH imaging are not 
all suitable for pH imaging using FLIM. However, a few of them have been 
identified, characterised and successfully used to quantitatively image pH 
distribution in cells [132-134].  
4.1.3 Photophysical properties of the fluorescence lifetime pH 
probes 
The protonation OH group of fluorescein observed on the structure of the 
monoaniom form, shown Figure 4-3 leads to large change in fluorescence intensity. 
The geometrical structure of the two forms of fluorescein present in solution in the 
pH range relevant to this work is very similar. However, in the deprotonated state, 
fluorescein is symmetric while the protonation of the oxygen leads to an asymmetric 
molecule. Tamulis et al. [135] have shown using quantum mechanical ab initio 
Hartree-Fock and density functional theory investigations applied with the Berny 
geometry optimisation that despite of the similarity of the geometrical structure, the 
monoanion and dianion forms exhibit completely different electronic structures. 
Upon excitation, the dianion will dissipate energy by molecular rotation and 
vibration until the molecule returns to the first excited state from which de-excitation 
to the ground state by emission of a photon is more probable than relaxation of the 
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rotation and vibration. Due to symmetry lowering, the forbidden transition states of 
the dianion are allowed in the monoanion and as a consequence, the absorbed energy 
will be distributed between them. Furthermore, the oscillator strength of the first 
excited state of monoanion is smaller than that of dianion and the energy gap 
between the second and first excited state is larger in the monoanion than that in 
dianion. Therefore, the fluorescence quantum yield of the monoanion is smaller than 
that of the dianion because of the larger radiationless energy dissipation. Although 
there are no accounts in the literature to how this may affect the fluorescence lifetime 
of the monoanion, the increase of radiationless de-excitation paths will lead to an 
increase non-radiative rate constant which is typically accompanied by a decrease of 
the fluorescence lifetime of fluorophores according to Equation 2.8.  
The difference in fluorescence properties between the protonated and 
deprotonated forms of C-SNARF dyes, shown Figure 4-9, has been attributed to a 
larger delocalisation of the electron density on the 10-position nitrogen into the 
π-electron system of the fluorophore in the acidic form than in the basic form. This 
results in the twisted molecular charge transfer complex in the excited state playing a 
larger role in the quenching of the acidic form than in the basic form [136]. 
4.2 Experimental setup and procedures 
4.2.1 Solution preparation 
For the calibration of the fluorescence lifetime of the dyes against pH, PBS 
buffers in the range pH 6 to pH 8 were prepared at 5 mM by dissolution of 
monobasic sodium phosphate dihydrate (Sigma-Aldrich) and dibasic sodium 
phosphate (Sigma-Aldrich) in HPLC grade water. Aliquots of dye solution were then 
added to the buffers to reach a concentration of 10μM for the fluorescein (Sigma-
Aldrich) and 20μM for SNARF (Invitrogen - Molecular Probe). The pH of the 
solutions was then measured using a 3-point calibrated pH-meter (Orion 3-Star pH 
benchtop meter, Thermoscientific). 
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In order to image the generated pH gradient in the T-mixer, fluorescein 
solutions were prepared at 200 µM and appropriate masses of the monobasic and 
dibasic salts were added to reach a concentration of 5 mM of PBS in the solution. 
Buffer concentration was deliberately chosen to be low to avoid a monoanion-
dianion excited state proton transfer reaction that would render the fluorescence 
lifetime of the monoanion and dianion forms of fluorescein pH-dependent [137]. The 
acidic solution was measured as pH 6.6 and the basic as pH 7.6. C-SNARF solutions 
were prepared at 400 µM in 5 mM PBS buffers at pH 6.4 and pH 7.6. 
4.2.2 Microfluidic device 
The microchannels are made of silicon and covered with a silica coverslip for 
optical access. A schematic of the device used is given Figure 4-1. 
 
Figure 4-1: Schematic representation of the microfluidic device 
Solutions of C-SNARF and fluorescein were loaded in 3 ml syringes and 
pressure driven through silicone tubing in the two inlets of the device. The syringes 
were attached to the tubing using dispensing tips (EFD) and the silicone tubing 
(AlteSil™ High Strength Silicone Tubing, Altec Products Ltd, UK) was attached to 
the nanoports of the device using the corresponding threaded tips. The acidic solution 
was pumped through one of the two arms of the T-junction and the basic solution 
through the other arm. Tubing, tips and syringes were disposed of after each 
experiment. The device was rinsed thoroughly before and after any experiment using 
ethanol and water. The cleanliness of the device was assessed by recording FLIM 
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images when the channel was filled with a solvent alone and ensuring no 
fluorescence could be detected. 
4.2.3 Calibration of the fluorescence lifetime of the probes  
Calibration of the fluorescence lifetime of the dyes against the pH of the PBS 
buffers was performed using the time-correlated single-photon counting setup 
described in Section 3.2. The fluorescence lifetimes of the solutions were measured 
in 10 mm pathlength cuvettes (10x2 mm2 precision cells made of quartz 
SUPRASIL®, Hellma®). The monochromator was set for a 10 nm bandwidth at 
535 nm for fluorescein and 585 nm for C-SNARF-1. Decays were recorded to a 
maximum of 20000 counts in the peak channel, on 20 and 50 ns range and the count 
rate was kept below 40 kHz (1% of the excitation repetition rate) using neutral 
density filters. Global analyses (GA) were performed using FAST (Edinburgh 
Instruments) and the quality of the fit assessed by the reduced chi-squared parameter 
and visual inspection of residuals. Because they are constant, the different lifetime 
components were linked (common parameters to all the decays recorded for the 
solutions with the same fluorophore) to best model the contribution of the protonated 
and deprotonated forms of the dye to the fluorescence. 
4.2.4 FLIM 
4.2.4.1 Laser and fluorescence filters 
The laser was tuned to 390 nm and 9 mW output power. A third of this power 
reached the back of the microscope. No excitation filters were used. The dichroic 
mirror was a DM455 (Nikon). Two objectives were used for this work: a x40 plan 
fluor and a x20 apochromatic. 
4.2.4.2 TSCSPC 
The data acquisition was performed in reverse mode, with each of the photon 
assigned to one of 4096 channels each of 27 ps width. The count rate was kept below 
30 kHz for an acquisition time of ca. 10 min. Lifetime and A-factors maps were 
generated using QA-Analysis software (Europhoton GmbH, Berlin). The image was 
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set to have 200 x 200 points. After acquisition, time channels were binned to obtain 
54 ps channels and twice as many counts in the peak channel. Decays were fitted 
from 300 ps after the peak of the decay to the channel where the signal to 
background ratio ≥ 10. The background was estimated by looking at area outside the 
channel where no fluorescence could be detected. The FLIM image is only a 
semi-quantitative representation of the fluorescence lifetime in the channel as it is 
limited to mono-exponential decay analysis. However, decay curves were exported 
from the FLIM image and analysed using FAST for quantitative determination of the 
pH at discrete points across the microchannel. The lifetime components determined 
by global analysis were subsequently used in the image analysis software to generate 
A-factor maps. 
4.2.4.3 Time-gated camera 
The exposure time of the camera was set to 200 ms, the gate width and delay 
steps 500 ps on a 45 ns range. An image results from averaging 5 separate exposures 
employing 4 x 4 hardware binning. The lifetime value assigned to a pixel is the 
average value of 9 pixels (8 surrounding pixels plus the assigned pixel). The 
excitation intensity was adjusted using neutral density filters to give a maximum of 
3500 counts per pixel. The fluorescence images were analysed using the software 
running the camera module (Davis 6.2, LaVision GmbH, Berlin). FLIM images were 
obtained by constructing a decay curve for each pixel, taking into account the 
background counts ca. 50, starting the fitting 1 ns after the peak and stopping it when 
the decay had reached 10% of its peak value. The lifetime map was produced by 
assigning a colour on a 16-bit pseudo-color scale to the fitted single exponential 
decay times. Decay curves were exported from the FLIM image and analysed using 
FAST for quantitative determination of the pH at discrete points across the 
microchannel. 
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4.3 Results 
4.3.1 Fluorescence characteristics of fluorescein 
Fluorescein is one of the most commonly used fluorophores in microscopy. 
In solution, it can exist in four prototropic forms in the pH range 1-10 [137, 138]. As 
shown Figure 4-2, fluorescein has a maximum absorption intensity at 490 nm and a 
maximum fluorescence emission at 512 nm.  
 
Figure 4-2: Excitation and emission spectra of fluorescein in an aqueous solution. 
In the pH range 6-10, only the monoanion and dianion forms contribute to 
fluorescence emission [137]. The chemical structures of these two forms of 
fluorescein are shown in Figure 4-3. 
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Figure 4-3: Chemical structure and ground-state proton reaction of the fluorescein monoanion 
and dianion. 
Their presence can be determined by an analysis of the spectra shown in Figure 4-4. 
 
Figure 4-4: Emission spectra of fluorescein at different pH. 
The maximum emission occurs at 512 nm independently of the pH. As the pH is 
decreased, the contribution of the dianion becomes less than the contribution of the 
monoanion. The quantum yield of the monoanion and dianion are 0.38 and 0.97, 
respectively [138]. The decrease of intensity at lower pH is therefore related to the 
increasing contribution of the monoanion and the decreasing contribution of the 
dianion. 
Multi-parameter quantitative mapping of microfluidic devices 
Probing pH using wide-field FLIM 81 
At low buffer concentration, the fluorescence lifetimes of the monoanion and 
dianion forms of fluorescein are independent of pH. A pH-dependence of those 
lifetimes was found for PBS buffers of concentrations higher than 20 mM [137]. This 
pH-dependence is due to excited-state proton exchanges that are too slow to occur at 
low buffer concentrations. Global analysis of the fluorescence lifetime decay curves 
of fluorescein in the pH range 6-8 revealed the contribution of the monoanion and 
dianion forms. Their fluorescence lifetimes were 3.25 ns and 4.21 ns, respectively. 
These values are in agreement with previous work published on the photophysical 
properties of fluorescein by Klonis et al. (τm= 3.4 ns; τd = 4.1 ns) [138] and Alvarez 
et al. (τm= 3.7 ns; τd = 4.3 ns) [137]. Figure 4-5 shows the fractional contribution of 
the monoanion and dianion to the fluorescence decay. 
 
Figure 4-5: Fractional contribution of the monoanion and the dianion forms of fluorescein in the 
pH range 6-8.  
The monoanion and dianion fractional contributions to the fluorescence decay 
vary from ca. 0.2 to 0.8 in the pH range 6-8. The average fluorescence lifetime is 
3.45 ns at pH 6 and increases to 4.04 ns at pH 8.2. The calibration used to read FLIM 
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images was performed by fitting the TCSPC data with the same initial parameters 
used for the analysis of FLIM images. The decay curves were tail-fitted to a 
monoexponential decay function from 1 ns after the maximum channel. The values 
calculated from the fluorescence decay curves are summarised in Table 4-1. 
The results in Table 4-1 show that the fluorescence lifetime of fluorescein 
becomes decreasingly dependent on pH when pH values tend to pH 7.9. The χ2 
values obtained from tail-fitting the data are in the range 1-1.2 which means that, 
with the initial parameters used, the fitting of a monoexponential function to the 
decay curves is satisfactory. 
In order to obtain a calibration curve to map the pH in the device, the pH 
values have been plotted as a function of the lifetimes obtained by tail-fitting. The 
plot is shown in Figure 4-6. 
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 Global Analysis Tail Fitting 
pH Am Ad τav / ns χ2 τTF / ns χ2 
5.99 0.79 0.21 3.45 1.05 3.47 1.05 
6.12 0.77 0.23 3.47 1.07 3.49 1.06 
6.19 0.75 0.25 3.49 1.08 3.52 1.06 
6.29 0.73 0.27 3.51 1.01 3.53 1.02 
6.39 0.70 0.30 3.54 1.07 3.57 1.07 
6.51 0.66 0.34 3.58 1.1 3.61 1.09 
6.59 0.64 0.36 3.60 1.04 3.63 1.05 
6.69 0.59 0.41 3.65 1.06 3.68 1.06 
6.79 0.54 0.46 3.69 1.11 3.71 1.11 
6.89 0.52 0.48 3.72 1.13 3.75 1.14 
6.99 0.48 0.52 3.75 1.13 3.79 1.08 
7.09 0.46 0.54 3.77 1.09 3.81 1.03 
7.16 0.42 0.58 3.80 1.2 3.85 1.1 
7.27 0.39 0.61 3.85 1.03 3.88 1.05 
7.39 0.37 0.63 3.87 1.03 3.92 1.01 
7.49 0.30 0.70 3.92 1.02 3.94 1.02 
7.61 0.29 0.71 3.93 1.05 3.96 1 
7.69 0.27 0.73 3.95 1.13 3.99 1 
7.79 0.25 0.75 3.97 1.08 3.99 1.07 
7.90 0.21 0.79 4 1.06 4.03 1.05 
7.99 0.22 0.78 4 1 4.03 1 
8.07 0.19 0.81 4.03 1.1 4.04 1.02 
Table 4-1: Fluorescence lifetimes and relative A-factors calculated by global analysis and 
convolution of the decay curves; fluorescence lifetimes of fluorescein calculated by tail-fitting of 
the decay curves. 
The calibration of the dye fluorescence lifetime as function of pH can be 
thought of as a titration curve and it is questionable whereas the data could be 
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satisfactorily fitted to a Handerson-Hasselbach function. Although at first sight, this 
seems to be a genuine assumption, the trend of the curve presented Figure 4-6 
significantly diverges from that of a titration in the fact that around pH = pKa, a 
minute addition of a base results in a large change of pH whereas a minute change of 
the fluorescence lifetime results in a small change of pH. Therefore, the data points 
were fitted with a 3rd order polynomial function. The calibration of pH as a function 
of fluorescence lifetime is given by Equation (4-1): 
55.50298.40610.10981.9 23 −×+×−×= τττpH  (4-1) 
Equation (4-1) is used to read FLIM images directly and produce quantitative 
imaging of pH.  
4.3.2 Quantitative mapping of pH in a microfluidic device using 
time-gated intensified CCD camera and fluorescein 
Figure 4-7 shows the FLIM images (2a, 2b, 2c) of the pH gradient generated at three 
positions in the T-mixer when fluorescein solutions at pH 7.6 (left) and pH 6.6 
(right) were pumped into the T-mixer (Figure 4-7(1)). The FLIM images clearly 
show the lifetime gradient resulting from the pH gradient. The flow rate in the 
mixing channel was 100 μl/min. At this flow rate, the two streams do not have time 
to fully mix before they reach the channel outlet. However, in the middle of the 
channel, diffusion is taking place, ironing out the sharp interface between the two 
streams observed in Figure 4-7 (2.a). This results in an expansion of the diffusion 
strip materialised by an increasingly larger yellow and turquoise regions from Figure 
4-7 (2.a) to Figure 4-7 (2.c). 
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Figure 4-7: Image and dimensions of the T-mixer (1); positions of the area of interest (AOI): 
T-junction (1a), middle of the channel (1b) and channel outlet (1c). FLIM maps of the AOI (2a, 
2b and 2c) recorded using x20 objective and colour coding of the lifetimes of fluorescein from 
pH 6.6 (τ = 3.7 ns, blue) to pH 7.6 (τ = 4.1 ns, red). 
A comparison between fluorescence lifetime image and intensity image of the 
T-junction is shown Figure 4-8. T he intensity image was obtained by summing all 
the time-gated images. According to the fluorescent emission spectra shown 
Figure 4-4, the fluorescence intensity of fluorescein exhibits an ca. 100% increase 
between pH 6.6 and pH 7.6 whereas the fluorescence lifetimes change by only 9%. 
Therefore, if fluorescence intensity imaging had the same capability as FLIM, it 
would generate much better quantitative maps of pH. However, due to the 
heterogeneity of the excitation beam and disparity in the optical path across the 
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image, the intensity image shown in Figure 4-8 does not resolve the pH across the 
channel.  
 
Figure 4-8: (a) FLIM image of the T-junction recorded with x40 objective, lifetime from 3.65 ns 
(blue) to 4.1 ns (red); (b) Intensity image corresponding to (a), red shows high intensity and blue 
low intensity; (c) extraction of lifetime data from the FLIM image 3(a) and corresponding pH as 
function of position across the channel. 
The graph in Figure 4-8(c) shows the gradient of lifetime across the chamber. 
The lifetime corresponding to one of the 71 points was calculated using F900 by 
analysing the data collected in an area of 10 vertical by 4 horizontal pixels 
corresponding to an area of 5.6 x 14.1 μm2. The pH values were calculated using 
Equation (4-1). From Figure 4-8(c), the accuracy and precision of the pH 
measurements can be approximated. Statistical analysis of the spread of the values 
across the first and last 100 μm of the microchannel are summarised in Table 4-2. 
The range to which the statistical analysis was applied has been chosen by visual 
estimation of the extent to which there is no pH gradient in the device. In the blue 
region of the channel in Figure 4-8, the mean pH is 6.64 with a standard deviation of 
0.03 pH unit. In the red region, the mean pH is 7.57 with a standard deviation of 
0.06 pH unit. The higher standard deviation in the red region can be partly explained 
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by the decrease sensitivity of the lifetime on pH and partly by a slightly larger spread 
of the lifetime values (0.12 ns between the minimum and maximum in the red region 





Mean pH from 
FLIM image  









6.64          
(3.66 ns) 
6.58          
(3.64 ns) 






7.57           
(3.96 ns) 
7.50         
(3.94 ns) 




Table 4-2: Statistical analysis of the spread of pH measurements across gradient free region 
across the channel. 
4.3.3 Fluorescence lifetime characteristics of C-SNARF 1 
C-SNARF 1 has been used by researchers as a ratiometric fluorescence pH 
probe [139-142]. The chemical structure of the acid and basic forms of C-SNARF 1 
is given Figure 4-9. 
 
Figure 4-9: Chemical structure of the basic form (left) and acid form (right) of C-SNARF 1. 
The presence of the two forms of C-SNARF is obvious from observation of 
the emission spectra recorded at different pH around the pKa of the dye shown Figure 
4-10. C-SNARF 1 emission spectra exhibit a maximum intensity at 585nm and 
638nm for the acid and base forms, respectively, and an isosbestic point at 600nm. 
The fluorescence lifetime decays were recorded at 585 nm allowing a quasi-equal 
intensity contribution of the two forms of C-SNARF 1 across the pH range 6.4 to 7.6.  
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Figure 4-10: Emission spectra of C-SNARF in the pH range 6.15-7.6 
The Table 4-3 shows the results of the global analysis performed on the 
fluorescence decay curves of C-SNARF 1 solutions in the pH range 5.9 to 8. 
pH τ1 / ns τ2 / ns τ3 / ns A1 A2 A3 τav / ns χ2 
5.9 0.48 1.45 3.97 0.96 <0.01 0.04 0.62 1.01 
6.15 0.48 1.45 3.97 0.92 0.04 0.04 0.65 1.01 
6.38 0.48 1.45 3.97 0.87 0.09 0.03 0.69 1.09 
6.66 0.48 1.45 3.97 0.81 0.16 0.03 0.74 1.09 
7.02 0.48 1.45 3.97 0.67 0.30 0.03 0.87 1.06 
7.45 0.48 1.45 3.97 0.47 0.51 0.01 1.03 1.11 
7.63 0.48 1.45 3.97 0.39 0.30 0.01 1.11 1.05 
7.76 0.48 1.45 3.97 0.30 0.69 <0.01 1.17 1.03 
7.93 0.48 1.45 3.97 0.26 0.73 <0.01 1.21 1.07 
8.03 0.48 1.45 3.97 0.20 0.80 <0.01 1.27 1.03 
Table 4-3: Fluorescence lifetime characteristics of an aqueous solution of C-SNARF in the pH 
range 5.9 to 8. Individual lifetimes of the different forms (τ1, τ2, τ3) and their corresponding 
contribution to the fluorescence lifetime (A1, A2, A3). τav is the average lifetime. 
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Three lifetime components were identified. τ1, the lifetime of the acidic form of C-
SNARF 1, was calculated to be 0.48 ns. Its contribution is described by A1. It is the 
dominant component at pH < 7.4. τ2 was calculated to be 1.45 ns and is the dominant 
component at pH > 7.4. The contribution of the basic form is described by A2. The 
contribution of the third component is not significant over the range of pH studied. 
As the product was used as received (without further purification) the third 
component is attributed to impurities in the dye. Figure 4-11 shows the contribution 
of each species and the average fluorescence lifetime of C-SNARF solutions in the 
pH range 5.9 to 8. 
 
Figure 4-11: C-SNARF average lifetime as function of pH (black squares). Contribution of the 
monoanion (blue circles) and dianion (blue triangles) species of C-SNARF to the average 
lifetime. 
At pH = pKa, both species contribute equally to the fluorescence. Figure 4-11 
suggests that pH = pKa at ca. pH 7.4 which is in agreement with previously published 
work [142]. 
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4.3.4 Quantitative spatial mapping of pH in a microfluidic device 
using TSCSPC detector and C-SNARF 1 
FLIM images using C-SNARF 1 as a pH probe were produced from data 
recorded using a TSCSPC setup. This system possesses much better time resolution 
than the time gated system thanks to its 27 ps channels and is capable of resolving 
much shorter lifetime components due to its short instrument response. Figure 4-12 
shows a FLIM image of the T-junction produced using a x20 objectives. Both of the 
packages used to produce FLIM maps have the capabilities to fit decays with more 
than one lifetime component. However, in generating FLIM maps, the decay is 
assumed to approximate to a single lifetime component. 
 
Figure 4-12: Semi-quantitative FLIM image of the T-junction recorded with x20 objective. 
Change of C-SNARF 1 lifetime across the 6.4-7.6  pH gradient. Flow rate 1μl.min-1. 
FLIM images recorded using fluorescein are quantitative because fluorescein 
fluorescence lifetime decay is simple enough to be reasonably well fitted by a single 
exponential decay. However, the more complex decay of C-SNARF 1 means that 
single exponential FLIM maps does not show the pH gradient across the channel. 
However, A-factor maps can be built using the fluorescence lifetime found in the 
calibration as fixed parameters. In order to confirm that the three lifetime 
components τ1, τ2 and τ3 describe well the lifetime decays of the FLIM image, decays 
from pixels in the channel were extracted and globally analysed using FAST. 
Table 4-4 shows the comparison between the lifetime components obtained when 
globally analysing decays collected in a cuvette using TCSPC technique (Table 4-3) 
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and the results of the global analysis performed on the decays extracted from 
Figure 4-12. 
Collection Method τ1 (ns) τ2 (ns) τ3 (ns) χ2 
TCSPC 0.483±0.001 1.448±0.004 4.333±0.212 1.03 
TSCSPC 0.506±0.002 1.419±0.027 3.671±1.335 1.05 
Table 4-4: Lifetime components of C-SNARF obtained by global analysis of data collected using 
TCSPC and TSCSPC techniques. 
Lifetime components obtained by the two methods are in good agreement. The 
fluorescence lifetime values obtained from the decay curves extracted from 
Figure 4-12 have been used as fixed lifetime parameters to generate A-factors maps 
shown Figure 4-13. 
 
Figure 4-13: A-factors maps of the T-junction of a microfluidic device. A1, A2 and A3 are the 
normalised amplitude factors corresponding to τ1, τ2 and τ3. 
Figure 4-13 shows how quantitative mapping of pH can be obtained by 
generating A-factor maps. They show the spatial distribution of the normalised 
pre-exponential factors and therefore spatially resolve the relative contribution to 
fluorescence decay of each of the C-SNARF 1 species. The use of A-factors to map 
pH gives a much better resolution than the average lifetime of C-SNARF 1 would do 
because they change over the pH range mapped by a factor of 8.9 and  4.3 for A2 and 
A1, respectively, whereas the average lifetime changes by a factor of 1.7.  
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The pH gradient as function of position across the channel was obtained by 
global analysis of the decays extracted from the raw data of Figure 4-12. The decays 
were fitted as previously discussed and the pH calculated using Equation (4-2): 
33.626.3328.2853.8 23 −×+×−×= avavavpH τττ  (4-2) 
Figure 4-14 shows the distribution of pH across the channel. Each point 
corresponds to an area of ca. 30(h) x 60(v) μm2. 
 
Figure 4-14: pH gradient corresponding to the change in fluorescence lifetime of C-SNARF 1 
across the channel. 
The 12 measurements across the microchannel relate the distribution of pH 
with a precision of 0.02 pH units and an accuracy of 0.04 pH units. The spatial and 
fluorescence lifetime resolutions are limited by the number of photons recorded at 
each point of the image. In principle, the “number of pixels” in the image is limited 
by the area needed to integrate over to get enough counts in the maximum channel of 
the decay. Ultimately, this area is limited by the diffraction limit capabilities of the 
optical setup. To obtain more points, data would have to be acquired for a longer 
time. The results shown in this chapter have been obtained for an acquisition time of 









Position across the channel (µm)
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ca. 10 min. In the same conditions, with an acquisition time of 100 minutes, 120 
points across the microchannel could have been interrogated and would have given 
accurate measurement of the pH. Compared to the more common time-gated 
technique, TSCSPC is able to spatially resolve pH in a microfluidic device by 
measuring the fluorescence lifetime of a probe which exhibits 3 lifetime components.  
4.4 Conclusion 
To the author’s knowledge, this is the first time the TSCSPC technique has 
been used to probe the environmental properties in microfluidic devices. It is also (to 
our knowledge) the first use of FLIM to probe pH in microfluidic devices.  
A time-gated FLIM system successfully resolved the pH of an aqueous 
solution with a spatial resolution of 6 μm with an acquisition time of ca. 1 min in a 
microfluidic device. The fast acquisition of such data was rendered possible by the 
use of fluorescein as fluorescence lifetime pH probe. Fluorescein exhibits a 
2-component exponential fluorescence decay, each component corresponding to the 
contribution of a fluorescein form. The fluorescence lifetime decay of fluorescein is 
simple enough to be fitted by a single exponential decay function, hence allowing the 
time-gated system to generate FLIM images where the pH is quantitatively spatially 
resolved on each pixel of the camera. Fitting of the fluorescence decay extracted 
from regions in the device allows measurement of the pH with a precision better than 
0.06 pH unit which corresponds to a difference in lifetime of 0.01 ns.  
A limitation of the time-gated technique is due to the small dynamic range of 
the camera. Whereas this limitation was circumvented in this work, it can become 
critical when the probe exhibits a large change of fluorescence intensity over the 
environmental gradient generated. Secondly, for the generation of quantitative 
environmental maps, time-gated FLIM can only work with dyes the fluorescence 
lifetime of which can be approximate to a single component decay. Finally, in the 
range of pH used, fluorescein exhibits a change of A-factors of up to 75% whereas 
its lifetime changes by less than 9%. Therefore, mapping of the A-factors rather than 
the average lifetime would result in an increased pH resolution. 
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Thanks to a better time resolution than the time-gated technique, the TSCSPC 
technique allows spatially resolved fluorescence lifetime decays to be fitted to multi-
exponential decay functions. The quadrant anode detects the arrival time and position 
of single photons resulting in a virtual unlimited dynamic range. TSCSPC has been 
used in conjunction with C-SNARF 1 to spatially resolve the pH in a microfluidic 
device. C-SNARF 1 fluorescence lifetime exhibits a 3-component exponential decay 
in the pH range 5.9 to 8. The shortest component corresponds to the fluorescence of 
the acid form of C-SNARF and has a lifetime τ1 = 0.5 ns. The lifetime of the basic 
form of C-SNARF has a lifetime τ2 = 1.5 ns.  
The 3-component fluorescence decay of C-SNARF did not permit the FLIM 
images generated by approximation of its lifetime to a single component decay to 
quantitatively map the pH. The fluorescence lifetime of C-SNARF 1 over the pH 
gradient generated in the device changes by a factor of 1.7 whereas the relative 
pre-exponential components change by a factor of up to 8.9. A-factor maps have 
been generated. They provide direct observation of the fractional contribution of the 
basic and acidic forms of C-SNARF 1, hence quantitative mapping of the pH in the 
device. 
Decays from points in the image were extracted and successfully fitted to a 
3-exponential decay allowing for the average lifetime of C-SNARF to be used to 
calculate the pH across the microchannel. The calculations have been performed on 
data extracted from region with an area of 30 x 60 μm2. The pH has been calculated 
with a precision and accuracy of 0.02 and 0.04 pH units, respectively, corresponding 
to a fluorescence lifetime precision and accuracy of 0.01 ns. These features could be 
significantly improved by increasing the acquisition time of data, which is inversely 
proportional to the spatial resolution. 
The two wide-field FLIM techniques used each have their own advantages 
and disadvantages. The strong point of the time-gated techniques is its acquisition 
time. By carefully devising the probing conditions, this technique can be used for 
quasi-real-time imaging which is a conditio sine qua non to image dynamic 
processes. This is required for in vivo or medical imaging. However, when the 
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acquisition time is not an issue, TSCSPC provides a much better time resolution that 
allows quantitative mapping of systems that exhibit multi-exponential fluorescence 
decay.
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5 3D MAPPING OF A MICROFLUIDIC 
DEVICE USING 2-PHOTON 
EXCITATION FLIM 
5.1 Introduction 
As has been shown in previous chapters, the advent of time-domain 
fluorescence imaging techniques and reliable laser sources has provided investigators 
with a relatively cheap and powerful analytical mapping tool. Furthermore, wide-
field time-gated systems have the capability for real-time imaging which promises 
successful implementation of FLIM in medical imaging systems such as endoscopy 
[143]. However, one of the limitations of conventional wide-field FLIM is the lack of 
depth information: an image only reports the lifetime with a colour-coded scale in an 
x-y plane. The fluorescence lifetime values result from a fluorescence signal 
collected through part or the entire depth of the sample. This can be a problem when 
the contribution of fluorescence from out-of-focus is not desired or when depth 
resolution is required to assess the performance of a microfluidic device. These two 
cases are examined hereafter. Cases where 3D spatial information is required to 
assess microfluidic devices have been investigated and the results obtained using 
2-photon excitation FLIM are presented in this chapter. 
5.1.1 Fluorescence contribution from out-of-focus in wide-field 
FLIM 
Three-dimensional spatial resolution is of particular importance when 
imaging biological specimens. This is because the contribution from out-of-focus 
fluorescence blurs the image [144]  and can lead to incorrect lifetime values [145, 
146]. In dynamic applications, researchers find laser scanning microscopy too slow 
to correctly map the lifetime of specimen [147]. Instead they use optical sectioning 
techniques which make use of structural illumination [146, 147] or  a Nipkow disk 
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microscope [148] to resolve depth. Although these techniques have higher intrinsic 
potential for high-rate FLIM imaging than confocal and 2-photon excitation 
microscopy, structural illumination requires computation to extract a sectioned image 
from a set of acquired images [149] and exhibits a reduced signal-to-noise ratio 
which leads to increased errors when calculating fluorescence lifetimes [148]. The 
out-of-focus discrimination property of those techniques is also less effective than for 
confocal and 2-photon excitation. Therefore, although the aforementioned techniques 
may have superior capabilities for specific applications, the availability of laser 
scanning techniques and their superiority in spatial and lifetime resolution make 
them more suitable for three-dimensional quantitative imaging of an established flow 
in a microfluidic device. 
5.1.2 Relative importance of gravity in microflows. 
Scaling down is accompanied by an increase in the surface to volume ratio 
(See chapter 2.4). Gravity forces that scale with mass and therefore with volume, are 
commonly expected to be negligible in microfluidic devices, and have often been 
neglected in the study of microflows [150, 151]. However, previous research in the 
Jones group [7] found that in the case of mixing of two fluids of different properties, 
gravity had to be accounted for because it is responsible for the reorientation of the 
interface of the two flows. Whereas in strict laminar conditions two fluids travelling 
side by side in a microchannel exhibit an interface parallel to the vertical walls of the 
device, when the two fluids have differing properties gravity affects this parallelism. 
This phenomenon is responsible for the observation of discrepancies between 
experimental and simulated results [7], for the loss of flow pattern [151] and obscure 
measurements caused by the detection of interaction through the horizontal optical 
window of a device [150, 151]. Applications that require steady laminar flow are 
numerous (e.g. fuel cells, micromixers, particle separation, DNA diagnostics) and 
because gravity can affect dramatically the operation of microfluidic devices, its 
influence on microflows has been investigated by several researchers both 
theoretically and experimentally [7, 150-155]. 
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5.1.3 Techniques used for 3D mapping of microfluidic devices 
Although many techniques have been used to generate 3D maps of 
microfluidic devices, there is only one publication [150] reporting the interface 
tilting between two fluids of different characteristics. Optical coherence tomography 
has been used to evaluate mixing in a 3D structure microfluidic device [156]. The 
technique has the merit of being able to quantify mixing in deep regions of a device. 
However, three-dimensional quantitative mapping of mixing fluids represents a big 
challenge because chemical or physical changes of the properties of the fluids upon 
mixing induce changes of the scattering profiles. Optical tweezers have been used to 
probe the flow velocity in the three spatial dimensions of a microchannel [93]. The 
technique is limited to measuring flow rates and does not allow the gravity effect to 
be observed. The same limitation applies to confocal μ-PIV measurements of flow 
within droplets contained in microchannels [157].Two-photon absorption 
microscopy has been used to generate three-dimensional chemical concentration 
maps in a microfluidic device [158]. Rhodamine 6G was used to probe the 
concentration of potassium iodide in the device. Because potassium iodide is 
quenching the fluorescence of rhodamine 6G, the relative intensity of the latter was 
used to determine the concentration of the former. The small change of solution 
density upon addition of potassium iodide (<6% in this case) and the limited number 
of varying parameters studied (maximum potassium iodide concentration of 500mM 
and single flow rate) did not permit the observation of gravitational effects. 
Two-photon excitation FLIM (2PE-FLIM) has also been used at least twice to 
generate three-dimensional maps in microfluidic devices prior to the work presented 
in this thesis. 2PE polarisation-resolved FLIM was used to map glycerol 
concentration using the change of fluorescence anisotropy of fluorescein in aqueous 
solution and in a mixture of glycerol and water (50/50) [9]. Under the conditions 
used (flow rates, density and viscosity gradient), it is very surprising that the work 
did not lead to an observation of interface tilting between the two flows. 
Furthermore, the authors explain the asymmetry in the occupation of the two 
solutions in a plane parallel to the optical window (interface shifted towards one 
side) by a difference in the applied flow rates (2:1 flow rate ratio between the two 
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inlets) between the two inlets when a more likely explanation is that the viscosity 
mismatch between the two flows generate such a flow pattern as predicted 
theoretically by Stiles et al. [152]. The second paper reports the use of 2PE-FLIM to 
map temperature in microchannel networks [8]. There seem to be some anomalies in 
this work. First the use of methanolic solution at 93ºC within devices is surprising 
since the boiling point of methanol is at 64.7ºC. Secondly, the authors observe that 
their calibration curve of fluorescence lifetime of rhodamine B in methanol against 
temperature agrees with what previous researchers have found [159]. Their reported 
fluorescence lifetime of rhodamine B in methanol at 20ºC is 1.8 ns whereas it has 
been measured and reported by 8 other groups to be 2.5 ns [160]. Regarding the 
observation of an interface tilting, the temperature gradients within the devices might 
have been too small to engender a significant change in methanol properties.  
Finally, confocal microscopy has been used to image a section of a 
microfluidic device [150, 155]. Yamaguchi et al. [150] observed the interface tilting 
by measuring the angle of the interface formed by a human serum labelled with 
fluorescein and a PBS buffer originally pumped side-by-side in the device. They 





where Δρ is the density difference (kg/m3), g is the gravitational acceleration (m/s2), 
a is the microchannel width and depth (m), L is the microfluidic length (m), μ is the 
viscosity (Pa.s) and υ is the average velocity (m/s). Z is related to the rotation angle 
by a second order polynomial. From Equation (5-1), it is clear that tilting due to 
gravity is proportional to the density difference, gravity, channel size, and is 
inversely proportional to velocity and viscosity. Using these preliminary results, 
Yamaguchi et al. further investigated the observed phenomenon using computational 
fluid dynamics modelling and concluded that gravity should be taken into account in 
microfluidic devices when either interfacial tension or diffusion are small [154].  
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Although it had been characterised, the effect of gravity on microflows had 
never been imaged using high spatial resolution quantitative techniques such as 
2PE-FLIM. The capacity of this technique to provide high resolution quantitative 
images of gravitational effects is shown hereafter.  
5.1.4 Photophysical properties of ANS 
ANS fluorescence has received considerable attention, owing to its extensive use as a 
biomolecular probe [161]. The photophysics of ANS in pure solvents can be 
described in terms of a solute-solvent interaction model [162], and in polar solvents 
is dominated by emission from an intermolecular charge transfer state [163].  The 
structure of ANS is shown Figure 5-1. 
 
Figure 5-1: Molecular structure of ANS 
Upon excitation, ANS exhibits a large increase of its dipole moment. Researchers 
have assumed a simple competition between the radiative and non-radiative 
processes, the rate of which is strongly dependent on the solvent dielectric constant. 
The decrease in radiative transition probability with increasing solvent polarity has 
been explained by an increase of the weight of the wavefunction corresponding to the 
charge transfer configuration with increasing solvent polarity [162].  
Other explanations have been proposed for the polarity dependence of ANS 
fluorescence characteristics. The polarity effect has been explain by: solvent 
quenching due to the creation of an electron trap in water-rich solvents [164]; ring 
conformation effect [165]; and intersystem crossing mechanisms [166]. 
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5.2 Experimental details 
In order to create a situation where gravity has an effect on the orientation of 
the interface between two flows having different density, the experiment reported by 
Mendels et al. [7] was repeated using 2PE-FLIM rather than conventional wide-field 
FLIM. In this experiment, a solution of methanol is brought in contact with a water-
methanol mixture at the T-junction of a microfluidic device. The water/methanol 
content is probed using ANS, a fluorescent dye the fluorescence lifetime of which is 
extremely sensitive to the composition of water-methanol mixtures [167]. 
A second system has been studied in which water-glycerol mixtures are used 
to observe the interface rotation. The glycerol content is probed using Kiton Red 
(KR) which exhibits a change of fluorescence lifetime as a response to change in the 
composition of water-glycerol mixtures.  
5.2.1 Solution preparation 
All measurements of water content in methanol were made with the 
ammonium salt of 1,8-anilinonaphthalene sulfonate (ANS) obtained from Fluka and 
used as received. Solutions of ANS (1 mM) in pure methanol and a water-methanol 
mixture (1:1 molar ratio, which corresponds to 30.8% water v/v) were prepared using 
HPLC grade methanol and water (Fisher Scientific), used as received. The solutions 
were kept in brown glass flasks in the fridge.  
The change of fluorescence lifetime with change of glycerol content was 
performed with solutions of KR at 10 µM. First an aqueous solution of KR at 1 mM 
was prepared, homogenised and kept in the fridge for further dilution. Then glycerol 
was weighted to the desired amount (0% to 40% vol/vol of the final solution in steps 
of 2.5%). Deionised water was added to the glycerol for a volume making up 99% of 
the final solution. Finally, 1% vol/vol of the aqueous solution of KR at 1 mM was 
added. The solution was homogenised and kept in the fridge until a few hours before 
measurements were taken.  
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5.2.2 Microfluidic device and setup  
The microfluidic device used in this study was made by etching of a t-shape 
in a silicon wafer, sealed on one side by a thin silica sheet. Chip-to-world 
connections were achieved through threaded ports (NanoPorts, Upchurch Scientific) 
glued at the back of the silicon wafer. The solutions were loaded in syringes (BD 
3 ml Syringe Luer-Lok Tip, BD, Belgium) and pumped in the device using syringe 
pumps (KDScientific, Holliston, MA) through silicone tubing (AlteSil™ High 
Strength Silicone Tubing, Altec Products Ltd, UK). Typical flow rates were 
25 μl/min for each syringe resulting in a flow rate of 50 μl/min in the main channel. 
Figure 5-2 is a schematic of the device. 
 
Figure 5-2: Schematic of the microfluidic device used for 2PE-FLIM experiments 
5.2.3 Calibration of the probe fluorescence lifetime 
The calibration of ANS fluorescence lifetime as a function of water content 
was obtained from previously published work [3, 7, 167]. The fluorescence lifetimes 
of the methanol solution and of the water-methanol mixture were measured in the 
TCSPC setup presented Section 3.2. 
5.2.4 Optical and experimental setup (See also Chapter 3.4) 
For the water-methanol system, the laser output was set at 720 nm, and 
focused in the sample using a microscope objective (Nikon, x20, 0.75NA). The 
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fluorescence signal was filtered using a pair of fluorescence filters (shortpass 680 nm 
and bandpath 525 nm). The TAC was operated on a 10 ns range. A final image was 
generated after averaging 10 times the photon arrival times accumulated for 60 s in a 
128x128 pixel grid.  
For the water-glycerol system, the laser output was set at 785 nm and focused 
in the sample using a microscope objective (Nikon, x20, 0.75NA). The fluorescence 
signal was filtered using a pair of fluorescence filters (shortpass 680 nm and 
bandpath 585 nm). The TAC was operated on a 12.5 ns range. A final image was 
generated after averaging 5 times the photons arrival times accumulated for 60 s in a 
128x128 pixel grid. The temperature of the room was monitored to account for 
discrepancies in the measurements since the fluorescence lifetime of KR is sensitive 
to temperature. The temperature of the lab was stable and measured to be 22ºC. 
In order to generate a 3D map of the devices, the laser focus was brought 
manually to the bottom surface of the device (the optical window). It was then 
moved by 10 μm inside the channel using the computer controlled stepper and an 
image was recorded. The focus was then moved by steps of 20 μm and images 
recorded at each step until the top surface of the device was reached resulting in 
11 images, each corresponding to a fluorescence map representing the solvent 
composition in a channel slice. 
5.3 Results 
5.3.1 Fluorescence properties of ANS 
Figure 5-3 shows the excitation and emission spectra of the ANS solutions 
used in the work presented in this chapter. The excitation maxima were measured at 
416 nm for both solutions. Upon addition of 30.8% of water in methanol, a fourfold 
decrease of the emission intensity was observed. It is not shown on Figure 5-3 
because the spectra have been normalised. However, the normalisation allows the 
observation of the red shift of the maximum emission in the presence of water. 
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Figure 5-3: Excitation and emission spectra of ANS solutions used for 2PE-FLIM. 
The relative difference of emission intensity between the two solutions can be 
a problem when recording data for FLIM because there is a possibility that the 
dynamic range of the detector does not allow for the weaker solution to be correctly 
detected without being saturated in the strongly fluorescent region. The wavelengths 
of maximum emission are 483 nm and 502 nm for ANS in pure methanol and ANS 
in the water-methanol mixture, respectively. In the 2PE-FLIM experiment, the use of 
a bandpass filter centred at 525 nm allows for the fluorescence of ANS in the water-
methanol mixture to be spectrally favoured therefore minimising the difference in 
emission intensity between the two solutions.  
In general, the decay curves of a fluorescent dye in mixed solvents show a 
multi-exponential decay that can be attributed to site-specific solvated species [168] 
or distribution of the fluorophore environment [21]. A useful characteristic of ANS 
in a methanol-water mixture is that it exhibits a single exponential decay as shown 
Figure 5-4. 
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Figure 5-4: Fluorescence lifetime decay curve of ANS solutions used for 2PE-FLIM. 
The decay curves shown Figure 5-4 were fitted to a single exponential decay. 
The fluorescence lifetimes of ANS in pure methanol and in the water methanol 
mixture were 6.01 ns and 2.42 ns respectively. Those results are in good agreement 
with previously reported values [3, 7, 167] and measurement of the fluorescence 
lifetimes was used as a routine check of the purity of the solutions. Figure 5-5 shows 
the calibration of the percentage of water in water-methanol solutions as a function 
of the fluorescence lifetime of ANS [3, 7]. The fluorescence lifetime of ANS 
decreases from 5.97 ns in pure methanol to 2.36 ns in the water-methanol mixture. 
Although the relation between fluorescence lifetime and water content is quasi-
linear, in the range studied it was successfully fitted to a third polynomial function. 
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Figure 5-5: Calibration curve showing ANS fluorescence lifetime as a function of the 
water/methanol ratio in solution. The dashed line is the best fit by the 3rd order exponential 
function Y = -0.50 * X3 + 6.60 * X2 – 35.64 * X + 84.30. 
The equation Y = - 0.50 * X3 + 6.60 * X2 - 35.64 * X + 84.30, where Y is the 
percentage of water volume per volume of solution and X is the fluorescence 
lifetime. This equation was used in conjunction with the FLIM images, to convert the 
lifetime value at each pixel to the percentage composition of water, and subsequently 
to produce composition maps. 
5.3.2 FLIM of ANS 
In this chapter, the discussion is focused on the rotation of the interface 
between two flows that have different physical properties. However, the main 
rationale for using 2PE-FLIM is to combine the superior spatial resolution of 2PE 
microscopy with the superiority of FLIM to provide quantitative mapping as 
discussed in Chapter 1. Applied to flow behaviour, these combined properties allow 
the visualisation of diffusion as well as advection in a device cross-section.  
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Figure 5-6 shows how 2PE-FLIM is able to produce direct three dimensional 
reading of the water composition in the microfluidic device. The red colour 
corresponds to a lifetime of 6 ns and the blue to a lifetime of 2.4 ns denoting a region 
containing pure methanol and 30.8% water-methanol mixture respectively. Because 
the relationship between water content and ANS fluorescence lifetime is quasi-linear 
(Figure 5-5), the false colour scale is quasi-linear with respect to the water content. 
 
Figure 5-6: 3D images of water/methanol composition at 50 μl/min (top) and 150 μl/min 
(bottom). Each colour-coded image represent a volumic section of the device at the T-junction 
(position (1)), in the middle (position (2)), and at the end (position (3)) of the microchannel. The 
correspondence between colour and water content is given by the colour-coded scale on the 
right of the figure. 
The rotation of the interface between the two fluids of different viscosities is 
striking in Figure 5-6. The use of high flow rates allows the interface to stay sharp 
because the mixture does not have time to equilibrate by diffusion during so short a 
residence time.  
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With respect to Equation (5-1), the inverse influence of flow rate on the 
rotation becomes increasingly prominent as the fluid travels down the channel. 
Whereas at position (1), it is difficult to notice a difference between the top and 
bottom image, it is clear that the rotation of the interface is more pronounced at 
position (3) at 50 μl/min than at position (3) at 150 μl/min.   
An important observation that was predicted by Stiles et al. [152] is the shift 
of the interface towards the fluid of lower density. This is best observed at the 
T-junction (position 1) of the device where the water-methanol mixture fluid 
occupies more space than the pure methanol solution. This effect is not accounted for 
in the CFD model developed by Yamaguchi et al. [154].  
Figure 5-7 shows a map of the entire device at three different depths: 40 μm, 
100 μm and 160 μm from the device bottom surface. The flow rate was set at 
50 μl/min.  
 
Figure 5-7: Fluorescent lifetime map of the entire device at 40 μm (Z3), 100 μm (Z2) and 160 μm 
from the optical window. 
Mapping of the entire device allows the experimental data to be closely 
compared with data generated by computer modelling.  In the work presented by 
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Mendels et al. [7], although the buoyancy has been accounted for when generating 
images, the shift of the interface due to the viscosity difference between the two 
fluids is not ostensible on the computer generated images. As the authors observed, 
this results in a more efficient mixing than calculated. The fact that the water-
methanol mixture occupies more volume in the channel than methanol alone means 
that advective transport along the channel (x-direction on Figure 5-7) will not be 
constant. Evidence of the non-constant advective velocity are given in Chapter 6 
using μ-PIV.  
The discrepancies between computational results and experimental results in 
the paper from Mendels et al. [7] are more prominent close to the device outlet. The 
authors concluded that due to the importance of advective phenomena in the 
assessment of mixing, these discrepancies could be due to back pressure that develop 
close to the channel outlet and slow the fluid in this region, enhancing the mixing 
efficiency of the device. 
5.3.3 Calibration of the fluorescence lifetime of aqueous solutions 
of Kiton Red as a function of glycerol content  
The fluorescence lifetime of KR in aqueous solutions was measured using the 
TCSPC setup presented in Section 3.2. It was calibrated over a range of glycerol 
concentration from 0% (pure water) to 40% vol/mass. Fluorescence decays were 
accumulated to 10,000 counts in the peak channel on time range of 50 ns and counts 
were attributed to 4096 channels, each channel corresponding to a time bin of 
0.01221 ns. The fluorescence decay curves were analysed by tail-fitting from 0.5 ns 
after the channel with maximum counts, to meet with the parameters used to generate 
FLIM images. The analysis was performed with F900. The change in fluorescence 
lifetime with change of glycerol concentration is shown Figure 5-8. 
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Figure 5-8: Calibration curve showing the linear relationship between glycerol content and 
fluorescence lifetime of KR.  The calibration graph fits well to a linear equation Y=58.63X-87.91 
The calibration curve shows the linear change of fluorescence lifetime with 
changing glycerol concentration in the range studied. The fluorescence lifetime of 
KR increases from 1.5 ns in water to 2.3 ns in 45% (%mass/mass) glycerol. A linear 
fit of the measurements generate the equation used to relate the fluorescence lifetime 
to glycerol concentration and is given by Equation (5-2): 
91.8763.58 −= XY  (5-2) 
where Y is the volume fraction of glycerol and X is the fluorescence lifetime. In 
terms of fluid dynamic studies, the purpose of using glycerol to change the solvent 
content of aqueous KR solutions is to map the viscosity in microfluidic devices and 
look at the effect it has on the flow behaviour. However, the fluorescence lifetime 
sensitivity of KR is not due directly to viscosity but to solvent composition. 
Nevertheless, with the knowledge of the concentration of glycerol in an aqueous 
solution, one can know the viscosity of the solution. The viscosity of glycerol 
Multi-parameter quantitative mapping of microfluidic devices 
3D mapping of a microfluidic device  
using 2-photon excitation FLIM 111 
aqueous solutions at 20ºC were obtained from previous publications and are shown 
Figure 5-9 [169, 170].  
 
Figure 5-9: Viscosity of aqueous solutions of glycerol as a function of glycerol content 
(%mass/mass) [169, 170]. The data are fitted to a single exponential growth given by the 
equation: Y=0.5+0.51exp(X/21.9) 
The relationship between glycerol content and viscosity is obtained by fitting the 
measurements to a single exponential function given by Equation (5-3): 
)9.21/exp(51.05.0 XY +=  (5-3) 
where Y is the viscosity of the blend (cP) and X is the concentration of glycerol 
(%mass/mass).  
5.3.4 Comparison of methanol-water system with glycerol-water 
Figure 5-10 shows the results obtained for the methanolic fluids and 
compares them with the mixing of pure water with a glycerol-water mixture. The 
flow rate in both cases is 50 μl/min. Figure 5-10 (a) is a reproduction of Figure 5-6 
(top). Figure 5-10 (b) shows mixing of pure water containing KR and a glycerol-
water mixture (35.5% glycerol mass/mass %) containing KR. The fluorescence 
lifetime of KR ranges from 1.5 ns in pure water to 2.1 ns in the mixture. As for ANS 
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in a methanol-water mixture, the fluorescence lifetime of KR follows a linear relation 
to the glycerol content in water (See Figure 5-8). The colour-coded scale shows the 
colours corresponding to changing fluorescence lifetime from 1.5 ns (blue) to 
2.1 ns (red). The glycerol content is calculated using Equation (5-2). 
 
Figure 5-10: 3D images of water/methanol composition at 50 μl/min (a) and glycerol/water 
composition at 50 μl/min (b). Each colour-coded image represent a volumic section of the device 
at the T-junction (position (1)), in the middle (position (2)), and at the end (position (3)) of the 
microchannel. The correspondence between colour and water/glycerol content is given by the 
colour-coded scale on the right of the figure. 
The glycerol-water system exhibits a slightly greater interface rotation than 
the methanol-water system. The viscosity and density characteristics of the fluids 
used are detailed in the next section. Briefly, the glycerol-water system exhibits a 
higher density difference than the methanol-water system and a higher average 
viscosity. With respect to Equation (5-1), the rotation of the interface is proportional 
with the density difference and inversely proportional to the viscosity. In other 
words, the higher density difference in the glycerol-water system enhances the 
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rotation of the interface when its higher viscosity is working against it. This suggests 
that the density difference is proportionately more important than the difference in 
viscosity between the two systems. 
5.3.5 Quantification of the rotation 
Equation (5-1) was used to calculate values of Z corresponding to the FLIM 
images presented Figure 5-6 and Figure 5-10. The densities and viscosities of water, 
methanol, water-methanol mixture (1:1 molar ratio) and glycerol-water mixture 
(30% glycerol mass/mass) were obtained from previous publications as indicated on 
Figure 5-11 to Figure 5-13.    
 
Figure 5-11: Viscosity of water-methanol mixture [171] 
The data for the viscosity of water-methanol mixtures Figure 5-11 were fitted to a 6th 












where μ is the viscosity in Pa.s and m is the molar fraction of methanol. 
Multi-parameter quantitative mapping of microfluidic devices 
3D mapping of a microfluidic device  
using 2-photon excitation FLIM 114 
 
Figure 5-12: Density of water-methanol mixture [171] 
The data for the density of water-methanol mixtures Figure 5-12 were fitted 
to a linear function given by Equation (5-5): 
1000)99.00021.0( ×+×−= mρ  (5-5) 
where ρ is the density in kg/m3.  
 
Figure 5-13: Viscosity of water-glycerol mixture[172] 
The data for the viscosity of water-glycerol mixtures Figure 5-13 were fitted to an 
exponential function given by: 
-31021.9))0.51exp(m/0.5( ×+=µ  (5-6) 
where m is the mass fraction of glycerol. 
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The data for the density of water-glycerol mixtures Figure 5-14 were fitted to a linear 
function given by: 
1000)99.025.0( ×+×−= mρ  (5-7) 
 
 
Figure 5-14: Density of water-glycerol mixture [173] 
The values for density ρ and viscosity μ used to evaluate Z in Equation (5-1) were 
calculated using Equation (5-4) to Equation (5-7). They are tabulated in Table 5-1. 
 ρ μ Δρ μav. 
Solutions kg.m-3 Pa.s (x10-4) kg.m-3 Pa.s (x10-4) 
Methanol 787 5.4 
98 9.4 
Water-methanol mixture 885 13.4 
Water 997 8.9 
74 16.8 
Glycerol-water mixture 1071 24.7 
Table 5-1: Properties of the solutions, ρ is the density, μ the viscosity, Δ ρ the difference of 
density between the solutions of a fluidic system, and μav the average viscosity of the fluidic 
system.  
Table 5-2 tabulates the values for flow rate υ, the typical length of the device 
cross-section a, the distance at which the measurement were performed L, and the 
values of Z obtained using Equation (5-1). The angle of rotation, θ, was measured 
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experimentally from the images in Figure 5-6 and Figure 5-10, and predicted from 
the value of Z according to Equation (5-8) [155].  
ZZ 91.01039.2 32 +×−≈ −θ  (5-8) 
The theoretical and observed values of θ are shown in Table 5-2. 
 υ a L Z θ calc. θ obs. 
Fluidic system m.s-1 (x10-2) m (x10-4)  deg. 
Water-Methanol 1.04 2.82 
5 13.8 12.1 25 
40 110.8 71.5 62 
89 246.5 79.1 72 
Water-Methanol 3.1 2.82 
5 4.6 4.2 14 
40 37.1 30.4 40 
89 82.5 58.8 48 
Water-Glycerol 1.04 2.82 
5 5.8 5.21 28 
40 46.6 37.2 70 
89 103.7 68.6 79 
Table 5-2: Flow rates ν, typical length of the device a, position in the device L. Values of Z 
obtained using Equation (5-1), angle of the rotation of the interface, θ,  obtained using Equation 
(5-8) and observed in Figure 5-6 and Figure 5-10. 
Discrepancies between calculated and observed values of the interface rotation are 
evident and arise from numerous reasons. Equation (5-1) is true for channel aspect 
ratio of 1:1. The wall effect becomes strong when the aspect ratio deviates from unity 
[150]. In the case of a shallow channel, where the depth is smaller than the width, 
tilting happens faster at the beginning of the channel and more slowly at the end. 
This results in θobs being greater than θcalc at the 1st position in all the cases presented 
in Table 5-2. As the residence time is increased, θobs will eventually become smaller 
than θcalc. This inversion is observed for the methanolic system at position 2 and 3 at 
flow rates of 1.04 m/s and 3.1 m/s, respectively. It is not observed for the glycerol-
water system. However the difference between θobs and θcalc becomes decreasingly 
important as the fluid travels down the channel. Finally, Equation (5-1) is true for 
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Z ≤ 196. In the case of the methanolic system at 50 μl/min, the third position is out of 
the range covered by Equation (5-1). 
Whereas the enhanced rotation of the interface at the beginning of the 
channel can be explained by the channel aspect ratio, the fact that at equal flow rate, 
the glycerol system interface rotation is greater than the methanolic one is a matter of 
concern for the validity of the model developed by Yamaguchi et al. The model has 
been validated by a single experiment involving a single fluidic system under one 
flow rate. Therefore the model does not take into account the effect of diffusion, 
interfacial tension and viscosity which are characteristics of each individual fluid and 
its mixtures.  
5.4 Conclusion 
2PE-FLIM has been used successfully to image the mixing characteristics of 
water-methanol mixtures and water-glycerol mixtures. The ability of 2PE-FLIM to 
provide three-dimensional high spatial resolution, quantitative mapping of the 
solvent composition is unequalled. Whereas confocal FLIM imaging does, in theory, 
slightly outperform the spatial resolution of two-photon excitation, images generated 
by the latter technique do not suffer from contribution of out-of-focus fluorescence. 
The two solvent systems used in the present chapter, in conjunction with their 
fluorescent probes, were devised to observe the effect of gravity on micromixing. 
Mixing of methanol and water-methanol mixtures had previously been studied by 
Mendels et al. [7]. Due to discrepancies between computational and experimental 
results, the authors became aware of the relative importance of gravity in such a 
fluidic system. Images obtained by 2PE-FLIM confirm the validity of this 
hypothesis. 
3D imaging of microfluidic devices using 2PE-FLIM has revealed the 
challenges involved in developing specific CFD models for the microscale. Whereas 
huge efforts have been made in order to identify relevant forces exerted on fluids 
contained in microchannels, it is not yet possible to fully model the behaviour of 
micro-flows. This becomes evident when comparing the observed and calculated 
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angle of rotation of different fluidic systems using the FLIM images and 
Equation (5-1). This equation, developed by Yamaguchi et al. to relate rotation angle 
and density difference between two fluids in a microchannel does not take into 
account differences in the channel aspect ratio, the effect of viscosity differences, 
diffusion and interfacial tension. Such considerations would increase the complexity 
of the problem and would lead to the inability to solve it analytically. The present 
chapter shows the unique abilities of 2PE-FLIM to simultaneously map the rotation 
of the interface between two fluids of different densities, provide direct quantitative 
reading of solvent composition in three spatial dimensions, quantify mixing 
processes by diffusion through the interface, and observe the effect of the vicinity of 
the walls of the channel on the flow behaviour. It is the first time 2PE-FLIM has 
been used to this effect. Thanks to its viscosity characteristics (See Figure 5-11), the 
water-methanol fluidic system provides good ground for further investigation of the 
relative importance of density difference independently from viscosity difference and 
vice-versa. 
One characteristic of the flow that FLIM alone cannot resolve is the effect of 
viscosity gradient on advective forces (flow velocity profile). In Chapter 6, it is 
shown how FLIM can be combined with μ-PIV to obtain this kind of information.
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6 SIMULTANEOUS USE OF MICRO-
PARTICLE IMAGING VELOCIMETRY 
AND FLUORESCENCE LIFETIME 
IMAGING MICROSCOPY 
6.1 Introduction 
As the emerging field of microfluidics technology finds new and promising 
applications, the need to perform accurate measurements of flow parameters 
increases. Although the flow at the microscale is typically laminar, and may thus, in 
principle, be readily determined by means of analytical studies and computational 
analysis, the complex nature of the flow poses a challenge [174]. The ability to 
perform measurements, not only of bulk quantities such as pH, temperature and flow 
rate, but also detailed studies of the flow field inside microfluidic systems, becomes 
essential.  
Precise control and detection of chemical reactions and environmental 
parameters is particularly crucial for the development of microfluidic devices for 
molecular analysis and molecular biology, also called micro-total analysis system 
(μ-TAS) or lab-on-a-chip (LOC). In μ-TAS, the full sequence of lab processes at the 
macroscale is integrated on a chip. Standard analytical operations include sample 
preparation, injection, fluid and particle handling, reactors and mixers, separation, 
and detection [175]. Some facets of optical detection in and on μ-TAS are described 
below.  
Assessing the flow field is of primary importance in μ-TAS where dominant 
transport phenomena can inhibit the device functionality [176], where fluid 
characteristics such as density and viscosity are sensitive to changing chemical and 
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environmental factors, and when two fluids of different characteristics are brought in 
contact. The use of multi-modality simultaneous imaging of the flow field, using 
μ-PIV, and environmental factors (solvent composition, viscosity and temperature), 
using FLIM, is described in this chapter.  
6.1.1 Importance of optical detection in μ-TAS 
The techniques for detection associated with μ-TAS are divided into optical 
and electrochemical methods. However, the superiority of the former in many 
respects has encouraged its development and integration for detection in μ-TAS. 
Microscopic optical methods offer high spatial resolution, real-time detection, and 
sensitivity down to the single molecule level. They are non-invasive, and are easy to 
integrate because, as opposed to micro-electrodes, the optical components do not 
need to be in contact with the sample to provide measurements. Furthermore, the 
combination of organic or polymer semiconductor devices, that can be fabricated at 
low cost [177], with microfluidic chip structures, provides a promising route towards 
disposable, compact and portable devices for environmental, bioanalytical and 
diagnostic applications [178]. Monitoring a chemical reaction that occurs when two 
or more fluids come in contact requires the acquisition of information about mixing 
processes in terms of mass transport, which can be measured using μ-PIV but also 
requires quantification of the amount of products and reagents in the system, and 
measurement of the enthalpy of the reaction which can be done using FLIM.  
Simultaneous measurements of environmental factors and flow fields would 
be of particular interest to the study of fuel flow behaviour and the mapping of fuel 
concentration in fuel cells. It could also allow devices, the functionality of which is 
based on environmental gradients, to be fully characterised. Such devices are, for 
example, microfluidic mixers based on temperature-gradient-induced chaotic 
advection [179] or LOC where concentration gradients and concentration arrays of 
diffusible samples play important roles in the study of cell biology [180, 181], 
biochemistry [182, 183], and high-throughput assays for combinational 
chemistry [184]. 
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6.1.2 Importance of single-photon avalanche photodiode for the 
miniaturisation of the detection on a chip 
Most of the optical detection for chemical analysis in microfluidic devices is 
performed using conventional apparatus. This result in the mm-size chip sitting on 
bulky equipment (e.g. microscopes), being illuminated by laser light provided by 
metre-long cavities (e.g. Ti:S laser module), with the signal being detected by 
expensive detectors that cannot be miniaturised and that require high voltage supply 
(e.g. PMT, time-gated cameras). A perfect LOC should be portable, low-cost, 
automated, and, ultimately, disposable. In terms of optical detection this means 
miniaturising at least the light source and the light detector, and finding an optical 
setup that keeps the use of optics to its minimum.  
The advent of GaN semiconductor sources 15 years ago [185] has opened a 
perspective into the miniaturisation of light sources for time-resolved fluorescence 
analysis. These sources are low cost, reliable and compact, which satisfies the 
requirement for the development of LOC. Furthermore, their emission wavelengths 
match the absorption lines of most of the fluorophores used in fluorescence analysis 
and their relatively short pulses (<1 ns) allows time-resolved fluorescence 
measurements to be performed. A GaN semiconductor LED has been successfully 
integrated on a chip and used to measure the fluorescence of microspheres which 
could be detected at concentration of 0.12 μM [186]. Generally, the work on 
monolithic integration of light sources for detection in microfluidic systems has been 
very sparse [187]. However, a few other types of light sources have been integrated 
on chips. For example, organic LEDs (OLED) have been fabricated on microfluidic 
glass windows [188, 189]. They were successful at detecting fluorophores at 
concentration of 1 μM [189]. 
The choice of integrated detectors is driven by the feasibility of their 
miniaturisation and by the detection requirements to perform the desired 
measurements. The most common light detectors for luminescence or fluorescence 
studies are PMTs and inorganic semiconductor photodiodes. However, due to the 
large size and high voltage requirement of the former and cost and complex 
fabrication of the latter, these detectors are not the ideal candidates for the integration 
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of optical detection in microfluidic devices. Instead, thin film organic photodiodes 
have been implemented and validated for chemoluminescence based diagnostic tests 
[178]. The use of a single-photon avalanche diode fabricated on a chip has also been 
reported. The sensitivity of the device allowed concentration of 6 pM to be detected 
[190]. The combination of single photon capabilities offer by SPADs and the minute 
volume handled in microfluidic devices bears promise for detection capability at the 
extremes of the concentration range. On one hand, this allows the detection of a very 
few molecules and on the other, at high concentration, it prevents undesirable effects 
associated with conventional measurements techniques such as re-absorption 
phenomena. These capabilities can be exploited in forensic analysis where minute 
volume of sample have to be analysed and in photophysics for the study of 
fluorescent dye aggregation at high concentration. 
The use of a GaN microLED array in combination with a miniaturised SPAD 
array has led to the fabrication of a fully integrated detection device capable of 
fluorescence lifetime measurements for LOC applications [191].  
6.1.3 Assessment of flow behaviour at the microscale 
Correct design of microfluidic devices prior to their assessment in the lab is a 
quasi-impossible task for several reasons. In the simple case of the operation of a 
T-mixer, reliable input data of the fluid properties and their mixtures are required. 
This means finding standards for at least the density, the viscosity, the thermal 
conductivity, and the diffusion coefficients of the fluids and their mixtures. 
Gathering this information, when it is available, is tedious and the sources does not 
always warrant their traceability to standard fluids and methods [7]. Furthermore, 
whereas the Navier-Stokes equations can be solved exactly in some simple cases 
[192], solving them becomes an impossible task when two fluids of different 
densities and viscosities come in contact in a T-mixer configuration. Therefore, in 
order to validate CFD simulation for the microscale, the models need to be assessed 
against experimental data. Mendels et al. studied the thermal and solutal transport in 
a T-mixer [7]. Good correlation was found between experimental (FLIM) and 
modelled results. Whereas their work represents a step towards the full field 
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monitoring of the chemical reaction, the authors acknowledge the need for the 
implementation of a particle velocimetry technique to quantify advective transport in 
the microchannel. Sato et al. have compared heat transport due to convection to heat 
transport due to conduction at a microfluidic T-junction [193]. The temperature map 
in the microfluidic device was generated by probing the fluorescence intensity of a 
temperature sensitive dye applied onto the surface cover glass of the device. Such a 
method will induce measurement errors intrinsic to fluorescence intensity detection. 
Furthermore, heat transfer properties of the glass cover are very different from the 
properties of the main substrate (PDMS). Therefore, considering that the temperature 
of the fluid can be approximated to that of the cover glass is a crude assumption. 
Convective transport was measured in a decoupled experiment using μ-PIV in only 
one of the two inlet streams and empirically extended to the whole T-junction. Sato 
et al. found that transport due to heat conduction in microfluidic devices was about 
50 times more than that due to heat convection. This figure varies drastically from 
heat transport at the macroscale which is essentially due to convection alone. 
6.1.4 Photophysical properties of Kiton red 
Detailed photophysical studies of Kiton red have not been published to date. 
However, the photophysical properties of its non-sulfonated equivalent rhodamine B 
has been studied as a function of dye concentration [194], solvent viscosity [195], 
temperature [196], solvent polarity [197], and pH [198]. Although several models 
have been proposed to explain the dependence of temperature, viscosity and polarity 
on the fluorescence of rhodamine B, one explanation is common to the majority of 
the publications. The torsional dynamics of the diethylamino groups governs the 
nonradiative processes and is enhanced by solvent polarity and temperature [197, 
199]. This effect leads to a decrease of rhodamine B and Kiton red fluorescence 
lifetime and quantum yield when the temperature or polarity of the solvent is 
increased. The molecular structure of Rhodamine B and Kiton red are shown Figure 
6-1. 
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Figure 6-1: Molecular structure of Kiton red and Rhodamine B. 
6.2 Experimental setup and procedure 
6.2.1 Solution preparation 
All solutions were prepared using HPLC grade water (Fisher Scientific), 
spectrophotometric grade glycerol (Sigma-Aldrich) and laser grade Kiton Red (Kiton 
Red, acid form, Sigma-Aldrich).  
The solution of Rose Bengal (Bengalrosa, Aldrich), used to measure the 
instrument response of the SPAD on the open-frame microscope, was prepared at 
100 μM in HPLC grade water. In order to quench the fluorescence of Rose Bengal, 
the water contained 5.4 M of potassium iodide (Fisherscientific) and 0.004 M of 
potassium hydroxide (Fisherscientific). For the temperature calibration on the chip, 
the concentration of KR was 100 μM. 
For FLIM measurements the solution of KR were prepared at 250 μM and 
further seeded with 1.2 µm diameter polystyrene microbeads. Visual inspection of 
the solution revealed the density of beads in solution for further adjustment. 
6.2.2 Optical setup 
A schematic of the experimental setup used to simultaneously record FLIM 
and μ-PIV measurements is displayed Figure 6-2. 
Multi-parameter quantitative mapping of microfluidic devices 
Simultaneous use of μ-PIV and FLIM 125 
 
Figure 6-2: Schematic of the experimental setup used to simultaneously record FLIM and μ-PIV 
measurements. 
The excitation light for FLIM was provided by a laser diode (LDH-P-C-470, 
Picoquant GmbH, Germany) controlled by a picosecond pulsed diode laser driver 
(PDL800-B, Picoquant GmbH). The laser diode emits at 468 nm and the repetition 
rate was set to 40 MHz. The beam was spatially reshaped using a pair of semi-
cylindrical lenses, expanded and collimated, spatially filtered through an aperture 
and focused at the back focal plane of the microscope objective (x20, NA0.4, 
LMPlanFI, Olympus) after reflection off a dichroic beamsplitter (FF505-SDi01-
25x36, Semrock). The fluorescence was collected through the same objective while 
unwanted scattered light from the excitation source and the green LED was removed 
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using fluorescence filters (LP02-488RS-25 and BLP01-561R-25, Semrock). The 
sample was imaged onto a gated intensified CCD camera (Picostar HR-12QE, 
LaVision GmgH, Germany) using an achromatic doublet lens (NT32-917, Edmund 
Optics Ltd, UK). FLIM images were recorded with 500 ps gate widths at 0.25 ns 
intervals. Five images were averaged to create the final image. The exposure time 
(50 to 100 ms) of the camera was set to obtain between 3000 and 4000 counts for the 
maximum intensity on a pixel. The data were analysed using DaVis 6.2 software 
running the Picostar DaVis setup. 
6.2.3 Microfluidic devices 
The microfluidic device used to record simultaneously viscosity using FLIM 
and flow field with μ-PIV was made from fused silica (LioniX BV, the Netherlands). 
The solutions were dispensed using PEEK® tubings that were held in place at the 
inlets and outlet using o-rings. The chip and o-rings were mounted together on a 
custom-built Perspex holder. A picture of the naked device is shown Figure 6-3. The 
silica substrate is 0.5 mm high and about 9 mm wide and long. The widths of the 
channels are 200 μm and 250 μm for the main channel and the inlet channels 
respectively. The advantage of such a device for flow visualisation and 
characterisation is its optical transparency across the UV-VIS-NIR spectrum and its 
rigidity.  
 
Figure 6-3: Picture of fused silica microfluidic device (left). The ruler is showing millimetre 
graduations. Enlarged picture of the T-junction (right).  
Multi-parameter quantitative mapping of microfluidic devices 
Simultaneous use of μ-PIV and FLIM 127 
A schematic of the fully mounted device used for the simultaneous 
measurement of temperature and flow velocity is shown Figure 6-4. 
 
Figure 6-4: Schematic representation of the microfluidic device. Cold sink channel (1); 
microchannel (2); hot source channel (3); PDMS substrate (4); outlets (5); tubing providing 
sample to microfluidic channel inlets (6); tubing providing hot (red) and cold (blue) fluid to hot 
source (red) and cold sink (blue) channels inlets (7); nichrome wire (8) and current provided to 
it (9); optical window (microscope coverslip, 10). 
With reference to Figure 6-4, the microfluidic device comprises two 
independent channel networks: the microchannel (2) and the channels controlling the 
temperature (1 and 3). The sample solution was pumped in the microchannel (2) 
using syringe pumps (KDScientific, Holliston, MA) through PEEK tubing (6) (Tub 
PEEK™ Yel, Upchurch Scientific, Oak Harbor, WA). The tubing was fitted at one 
end to syringes (BD 1ml Syringe, BD, Belgium) and at the other end to the 
microchannel inlets.  
In order to generate a temperature gradient, the channels that control the 
temperature (1 and 3) surround the microchannel (2). They are separated from the 
microchannel by a PDMS wall 100 μm wide. Hot and cold water were pumped in 
opposite inlets by syringe pumps  (KDScientific, Holliston, MA) through silicon 
tubing (7) (AlteSil™ High Strength Silicone Tubing, Altec Products Ltd, UK). The 
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tubing were fitted at one end to the channels inlet and at the other end to a syringe 
(BD 60 ml Syringe Luer-Lok™ Tip, BD 1ml Syringe, BD, Belgium). In order to 
provide cold water, one of the syringes was filled with ice and water. The water in 
the other syringe was heated by a Nichrome wire (9) coil around the tubing, the 
temperature of the heating coil was controlled by varying the current (ca. 500 mA) 
supplied by a DC power supply (Thurlby Thandar TS3022S). Typical flow rate was 
350 μl/min for the heating/cooling channels. 
6.3 Results 
6.3.1 In situ calibration of the fluorescence lifetime of FLIM 
probes 
Conventionally, the fluorescence lifetime sensitivity of FLIM probes is 
evaluated in a TCSPC setup, in conditions that differ greatly from their use in an 
imaging setup. The detection is made at 90º to the excitation beam, the fluorescent 
solution is contained in a cuvette and held in place in a chamber, and the dye 
concentration is kept well below the required concentration for imaging techniques. 
Fluorescence lifetime imaging is performed in an epi-fluorescent fashion and the dye 
at relatively high concentration is contained in the system under investigation. These 
differences in experimental configurations can affect the calibration of the 
fluorescence lifetime versus measurand because the sample chemical and 
environmental conditions are different. For example, at the concentration used in 
imaging, the fluorescence lifetime of fluorophores can vary from the fluorescence 
lifetime of less concentrated solutions used for TCSPC measurements due to 
aggregation. Furthermore, in microfluidic devices, the short optical path length (tens 
of microns) of the system allows for the use of high concentration of fluorophores 
whereas in a cuvette the concentration needs to be kept low to avoid re-absorption 
effects.  
A SPAD has been implemented on the microscope in order to evaluate the 
potential of in-situ calibration. The optical setup used is shown Figure 6-5. 
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Figure 6-5: Experimental setup used for in-situ calibration of fluorescence lifetime sensitivity. 
The main characteristic of the setup presented is the collimated beam 
illuminating the back aperture of the microscope objective (as opposed to focus in 
the FLIM setup). It provides the sample with a point excitation which avoids 
excitation of any fluorescence from unwanted areas. The fluorescence collected is 
tightly focused on the small detection area (50 x 50 μm2) of the SPAD. 
The instrument response function in time-resolved fluorescence is usually 
obtained by recording the temporal profile of the excitation source using scattered 
light from a suspension of colloidal silica (when emission is detected from a cuvette 
at 90º from incident beam) or by reflection of the signal from a reflective surface 
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placed on the stage of the microscope. However, single-photon avalanche 
photodiodes have a time response which is dependent on the wavelength detected. 
Whereas this has little effect on the processed signal when measuring lifetimes 
significantly longer than the instrument response of the photodetector, the colour-
dependent response becomes particularly worrying when the fluorescence lifetime to 
be measured becomes more comparable to the time response of the photodetector.  
Therefore, researchers have looked into finding methods of recording an instrument 
response at the wavelength of fluorescence emission [29, 30, 37, 200, 201]. In 
microscopy this method allows the instrument response to be recorded without 
altering the optical path way, and without changing the filters and the dichroic 
mirrors [200]. The use of short lifetime dyes that emit at the desired wavelength was 
proposed more than 20 years ago [37, 201]. However, it is only recently, with the 
renewed interest in time-resolved fluorescence that this method has been applied in 
the lab [29, 30, 200]. In the green (530nm-570nm) and red (540nm-610nm) region of 
the spectrum, the use of erythrosine B (erB) and Rose Bengal (RBl) has been 
reported [29, 30]. Their molecular structure is presented Figure 6-6. These are short-
lifetime fluorescent xanthene dyes with chemical structure similar to fluorescein. The 
main characteristic of these dyes is the presence of heavy atoms, iodides and 
chlorides, on the xanthene ring. The fluorescence lifetimes of ErB and RBl in pure 
water is 89 ps, and 77 ps, respectively [30, 160]. In order to further reduce the 
fluorescence lifetime of these dyes collisional quenching can be employed.  
 
Figure 6-6: Molecular structure of Erythrosine B (a), and Rose Bengal (b) 
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Collisional quenching involves non-radiative loss of energy from the excited state as 
a result of collisions with other molecules. Although this process is always present in 
solutions, some species, such as iodide ions, are particularly efficient in inducing the 
process and are classified as collisional quenchers [30]. By saturation of the solution 
with potassium iodide ([KI]>5 M) the fluorescence lifetimes of erB and RBl is 
shortened to 24 ps and 16 ps, respectively [29, 30].  
The instrument response of the SPAD has been recorded at the laser diode 
wavelength (470 nm) using reflection of a mirror and at the wavelength of emission 
of KR (585 nm) using quenched RBl contained in a microslide. The mirror and the 
microslide were held in place on the microscope stage and the instrument response 
recorded using the setup shown Figure 6-5. The two instrument responses are shown 
Figure 6-7 on a linear and logarithmic scale. 
 
Figure 6-7: Instrument response of the SPAD recorded with scattered light (black line) and with 
quenched Rose Bengal (red line). The graph presented with the logarithmic y-axis shows the 
increasing diffusion tail at long wavelength. The FWHM is shown as measured on the graph 
presented with the linear y-axis. 
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The response of the SPAD recorded from excitation light (470 nm) reflected off a 
mirror placed on the microscope stage exhibits a full width half maximum of 131 ps. 
The instrument response recorded at 570 nm using the fluorescence of quenched RBl 
shows a narrower full width half maximum (123 ps) but shows a pronounced tail that 
persists for nanoseconds. 
The fluorescence lifetime of KR solutions was measured in a microfluidic 
device at different temperatures. The calculation of the fluorescence lifetime using 
different fitting methods and different instrument responses is shown Table 6-1. 
Method Convolution Tail-fitting 










0 1.59 1.26 1.84 1.2 1.83 1.06 
4.24 1.5 1.17 1.78 1.21 1.79 1.09 
15.4 1.42 1.17 1.68 1.4 1.7 1.19 
34.7 1.28 1.27 1.56 1.95 1.58 1.6 
61.5 1.09 1.17 1.38 2.56 1.41 2.32 
93.8 0.913 1.15 1.21 6.33 1.26 4.3 
133 0.74 1.25 1.04 12.97 1.11 8.37 
183.6 0.58 1.16 0.87 24.47 1 14.95 
239 0.44 1.37 0.67 50.03 0.91 23.9 
302.4 0.34 1.41 0.42 41.14 0.92 28.63 
Table 6-1: Fluorescence lifetime of KR measured in a microfluidic device at different powers 
supplying the Nichrome wire (P=UI). Results obtained using deconvolution of the signal 
obtained from measuring the fluorescence of quenched Rose Bengal and reflection of the 
excitation light. The curves were fitted from the channel with maximum counts down to the 
channel with 50 counts. The third set of result is obtained by tail-fitting of the decay curves from 
0.5ns after the channel with maximum counts. Decay curves background was set fixed to 2. 
As observed by other researchers, the fluorescence lifetime of KR decreases 
with increasing temperature (increasing power supplied to nichrome wire) [7, 8]. The 
fluorescence lifetime of KR at room temperature (22.5ºC) was calculated to be 1.59 
ns by convolution with the instrument response recorded using quenched Rose 
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Bengal. This value agrees with the lifetime measured by other researchers [8, 202, 
203]. The values obtained from the convolution with the reflected excitation light 
IRF and from tail-fitting are much higher than any values ever reported for the 
lifetime of KR at room temperature in aqueous solution. The good fits obtained for 
the decays recorded at the lower temperature with these two methods can be 
attributed to the fact that the effect of the long tail of the instrument response does 
not result in a significant deviation from single exponential behaviour. This is 
because the tail of the instrument response has an exponential decay similar to the 
lifetime of KR at these temperatures. At higher temperature, the goodness of fit of 
the decay curves becomes increasingly unacceptable for both the tail-fitting analysis, 
and the convolution using the instrument response obtained by reflection of the 
excitation signal. Although the goodness of fit obtained from convolution using the 
instrument response recorded with quenched Rose Bengal deteriorates to some extent 
at higher temperature when the lifetime becomes shorter, it is evident that the IRF 
recorded in this way is a close approximation of the true IRF at the emission 
wavelength. Figure 6-8 shows the calibration curve obtained for the fluorescence  
 
Figure 6-8: Measured fluorescence lifetime (x-axis) at different power supplied to nichrome wire 
(y-axis) (■). Single exponential fit to the data (-∙-). The empirical relation between the power and 
the fluorescence lifetime is given by P=-40.63 + 602.9*exp(-τ/0.6).  
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lifetime of KR at different temperatures. In order to generate a calibration curve to 
analyse the FLIM images, the decays recorded have been convoluted with the IRF 
obtained with quenched Rose Bengal from 0.5 ns after the channel with maximum 
counts.  
6.3.2 Fluorescence lifetime of Kiton Red in water-glycerol 
mixtures 
The calibration of glycerol content as a function of the fluorescence lifetime of KR 
was determined Section 5.3.3. 
6.3.3 Simultaneous mapping of viscosity and velocity fields 
6.3.3.1 FLIM images of viscosity 
Figure 6-9 shows how the FLIM images give direct information about the 
glycerol content across the T-junction of the microfluidic device. The red extreme of 
the scale corresponds to a fluorescence lifetime of 2 ns and the blue to a fluorescence 
lifetime of 1.5 ns. With respect to the calibration curve, the blue region corresponds 
to the aqueous solution and the red region is the 30% mass/mass mixture of glycerol 
and water.  
 
Figure 6-9: FLIM maps of the microfluidic T-junction. Flow rate is 1µl/min (a); 5µl/min (b); 
10µl/min (c). Fluorescence lifetime ranges from 1.5ns in the blue region to 2ns in the red region. 
The three images Figure 6-9 are FLIM images of the T-junction of the microfluidic 
device generated at three flow rates: 1 μl/min (a), 5 μl/min (b), 10 μl/min (c). They 
show how the residence time, which is inversely proportional to the flow rate, 
influences the mixing of the two solutions. The sharp transition gradient at 
10 μl/min becomes less pronounced when the flow rate is reduced to 5 μl/min and a 
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diffusion zone is clearly formed at 1 μl/min. This is characterised by an extended 
rainbow like region on Figure 6-9(a).  
6.3.3.2 Velocity field maps 
Using μ-PIV, velocity field (Figure 6-10) were acquired simultaneously with 
the FLIM maps (Figure 6-9).  
 
Figure 6-10: Velocity field map of the T-junction of the microfluidic device. The data recorded 
to generate this map and the FLIM map Figure 6-9(c) have been recorded simultaneously. Each 
arrow shows the direction and magnitude of the flow in an interrogation area.  The water-
glycerol mixture is flowing from the top left and the water from top right. 
The raw data (images pair) are divided into interrogation areas. The size of 
the interrogation areas determines the final spatial resolution of the measurement. 
The interrogation area has to be such that a tracer particle travels no more than 20% 
of its size. To generate Figure 6-10 a grid was made of interrogation areas of 128 
pixels by 128 pixels that overlap by 30% onto each other, resulting in the velocity 
field map having 11 by 13 interrogation areas. Therefore, the resolution of the 
measurement is 15x15x47 μm3. The arrows represent the average displacement of a 
tracer particle in an interrogation area. Therefore, the velocity field map is an array 
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of 11 by 13 arrows (vectors).  As in Figure 6-9, the right side of the T-junction on 
Figure 6-10 corresponds to the water inlet and the left side to the mixture of glycerol 
and water. 
The velocity field map gives information about the convection phenomena in 
fluidic systems. In microfluidic devices, the convection is mainly divided into 
advection in a direction parallel to the flow and diffusion across the width of the 
device or at right angles to the flow. Due to enhanced surface effects, the flow in 
microfluidic devices is in the deep laminar regime (See Section 2.4). Therefore, the 
velocity field maps of the T-junction exhibit a wall-like separation of the streams 
coming from opposite inlets. At low flow rate, two fluids with the same chemical and 
physical properties would exhibit perfectly symmetrical and laminar transport 
behaviour. However, a gradient of the fluid properties across the device induces 
heterogeneity in the flow behaviour of the incoming streams. In the case presented 
Figure 6-10, water and the mixture of water and glycerol have different densities and 
viscosities. These properties are associated with advection and diffusion phenomena. 
Therefore, one can expect a flow behaviour that is non-symmetrical across the 
channel. Actually, it can be seen on Figure 6-10 how the convection is more 
important (longer arrows) on the right side of the channel. Furthermore, the 
component of the vector perpendicular to the channel seems more important in the 
right side of the channel than on the left side.  
6.3.3.3 Correlation between FLIM images and velocity field maps 
In order to correlate the results obtained by μ-PIV and FLIM, the magnitude 
of the velocity field and the fluorescence lifetime decay across the channel were 
extracted from the region of interest shown Figure 6-11. 
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Figure 6-11: Velocity field map of the T-junction at flow rate of 10 μl.min-1 superimposed on the 
corresponding FLIM image. The data shown in Figure 6-12, Figure 6-13, and Figure 6-14 are 
extracted from the black rectangle labelled ‘region of interest’.   
The fluorescence decay curves were tail-fitted using F900, the calculated 
lifetimes converted into glycerol content using Equation (5-2), and viscosity using 
Equation (5-3). The resulting viscosity profiles are shown Figure 6-12. These show 
how varying the flow rate induces a displacement of the sharp gradient transition. It 
has to be noted here that the glycerol concentration does not scale linearly with 
viscosity. Therefore, whereas concentration profiles can provide quantitative 
information about mixing processes, Figure 6-12 strictly reports the physical 
characteristic of the fluid across the channel, not its composition.  However, the 
displacement of the transition gradients and the extension of the diffusion region 
reflect changes in the relative importance of the different transport effects. 
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Figure 6-12: Viscosity profiles calculated from data extracted from FLIM images (Figure 6-9). 
Flow rates are 1 μl/min (black squares); 5 μl/min (red dots); and 10 μl/min (blue triangles). 
The extension of the diffusion region observed in Figure 6-12  at low flow rates 
results from an increase in the residence time of the solutions. At high flow rates, the 
displacement of the viscosity gradient to the right of Figure 6-12 is due to advective 
forces scale linearly with flow rate and fluid density. When increasing the flow rate, 
those forces will be favoured and the denser fluid will induce a displacement of the 
interface between two streams toward the least dense fluid. In Figure 6-12, this is 
observed by a displacement of the interface between the water and glycerol mixture 
(left) and pure water (right) toward the less dense fluid, water (right). This 
phenomenon has been predicted by CFD calculations [152]. 
The change of viscosity profile at different flow rates induces a change of the 
velocity field in the microfluidic device. Figure 6-13 and Figure 6-14 show the 
velocity profile of the flow in the region of interest associated with the viscosity 
gradients at 1 μl/min and 10 μl/min, respectively.  
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The overall shapes of the two velocity profiles shown Figure 6-13 and 
Figure 6-14 are different. At 1 μl/min (Figure 6-13) the flow has a characteristic 
Poisseuille profile with a maximum slightly shifted towards the water side which is 
less viscous, offering less resistance to the pressure-driven flow.  
 
Figure 6-13: Velocity profile (black squares) and viscosity profile (blue triangles) of the 
microfluidic device across the section shown in Figure 6-11, at a flow rate of 1 μl/min. 
At 10 μl/min (Figure 6-14), the decreased diffusion and increased 
longitudinal advection results in a step-like viscosity profile at the interface between 
the two fluids. The two incoming streams seem to travel independently from each 
other, separated by the wall behaviour of the viscosity step. This behaviour results in 
the observation of two flow fronts forming the velocity profile observed in Figure 
6-14. However, this observation would need to be supported by a thorough statistical 
assessment of the experimental results in order to conclude on the degree of 
independency of the two flows.  
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Figure 6-14 Velocity profile (black squares) and viscosity profile (blue triangles) of the 
microfluidic device across the section shown in Figure 6-11 at a flow rate of 10 μl/min. 
6.3.4 Simultaneous mapping of temperature and velocity fields 
6.3.4.1 FLIM images of temperature 
FLIM images of the T-junction of a microfluidic device were generated in 
order to investigate possible alteration of the flow behaviour due to a temperature 
gradient generated across the microchannel. Figure 6-15 shows the fluorescence 
lifetime gradient at the T-junction of the microfluidic device. The low lifetime values 
(~0.8 ns) correspond to the higher temperature. They are associated with the red 
colour on the image. The long lifetime values (~1 ns) correspond to the lower 
temperature and are associated with the blue colour. 
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Figure 6-15: FLIM image of the T-junction of a microfluidic device subjected to an axial 
temperature gradient. The fluorescence lifetime scale ranges from 0.95 ns which corresponds to 
the lower temperature inlet (blue region) to 0.80 ns which corresponds to the higher 
temperature region (red region). 
Whereas at the macroscale the dominant heat flux is due to convection, at the 
microscale the heat flux due to conduction has been found to be 50 times that due to 
convection [193]. This results in a rapid thermal equilibrium reached at low flow 
rates. It is clearly visible on Figure 6-15 where the gradient of temperature across the 
inlets vanishes almost as soon as the two streams come in contact. In a previous 
publication [193], one of the inlet channels was heated with a Pt thin-film heater 
before the T-junction. Therefore, the heat fluxes between the two incoming streams 
at the T-junction were observed in a thermally non-controlled environment and 
highly subjected to heat losses due to thermal contact with the surrounding 
environment. In the case studied here, the temperature gradient is imposed by a cold 
sink and a hot source that run from the left inlet and right inlet respectively and along 
the left and right wall of the main microchannel down to the outlet. In such a 
microfluidic device, where the flow is laminar and convection occurs mainly parallel 
to the channel, dominance of convective heat transport would result in a sharp 
gradient of temperature across the channel. However, as opposed to heat transfer at 
the macroscale which mainly occurs by convection, the small distances associated 
with microscale promote heat transfer due to conduction that scales with 1/l2.  
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6.3.4.2 Correlation between temperature gradient and flow profile 
Figure 6-16 shows the velocity profile extracted at the T-junction. 
 
Figure 6-16: Velocity profile across the microchannel at the T-junction. Flow rate 7 μl/min. 
As observed in Figure 6-16, the temperature gradient across the channel has a 
similar effect on the velocity profile as the viscosity gradient. The introduction of a 
temperature gradient affects the same physical and chemical properties as the 
gradient generated with pure water and the water/glycerol mixture. Water has a 
density and viscosity which are temperature-dependent. When the temperature of 
water is increased, it becomes less viscous and less dense. Therefore, it can be 
expected that the heated side of the channel exhibits higher velocity than the cooled 
side in the same way that the pure water exhibit higher velocity than the 
water/glycerol mixture in Figure 6-13 and Figure 6-14. It is indeed the case as shown 
Figure 6-16 where the appearance of two flow fronts with a velocity maximum on 
the side of the less viscous fluid is observed.  
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6.4 Conclusion 
For the first time, FLIM has been combined with μ-PIV. The two techniques 
have been used simultaneously to quantitatively map complementary properties in a 
microfluidic device.  
The effect a viscosity gradient has on the velocity profile across a 
microfluidic channel, has been investigated using a water-glycerol fluidic system. At 
1 μl/min, the typical Poiseuille profile was observed with a velocity maximum 
slightly shifted towards the less viscous stream. At higher flow rates, the residential 
time of the sample in the device is reduced and transport by diffusion no longer irons 
out the interface between the two streams. The two incoming streams travel 
independently of each other as if the sharp viscosity gradient generated a wall to 
separate them. This results in the observation of two flow fronts. 
The fluorescence lifetime of Kiton Red as a function of temperature has been 
calibrated in situ using TCSPC technique and a SPAD. The wavelength effect on the 
response of SPADs has been circumvented by using the quenched fluorescence of 
Rose Bengal to record an instrument response. Using the special fixtures of a 
custom-made microfluidic device, a temperature gradient has been generated across a 
channel. As for the water and glycerol system, the temperature gradient across the 
channel also affects the profile of the flow that deviates from the typical Poiseuille 
profile. The velocity maximum is on the heated side of the channel where the fluid 
has a lower viscosity and the apparition of two flow fronts is noticeable at 7 μl/min.   
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7 MICROTHERMOMETRY: FLIM OF 
OPTICALLY TRAPPED PROBES IN A 
MICROFLOW 
7.1 Introduction 
Precise control of temperature is a key requirement in many microfluidic 
applications, for example, in biology for polymerase chain reaction amplification of 
DNA [204-206], in medicine for drug delivery [111], in electronics for heat 
dissipation [207] and in chemistry for control of reaction rates, determination of 
phase transition temperatures and activation energies [208].  However, the 
measurement of temperature on such a small scale is challenging.  To date, attempts 
to measure temperature within microfluidic devices have been based on a number of 
different mechanical and optical approaches. 
7.1.1 Measurements of temperature in microfluidic devices 
Conventionally, temperature in microfluidics is measured via micro-
thermocouples integrated within each chip.  However, a major drawback to this 
approach is that it can only report the temperature of a very small volume of solution 
close to the thermocouple itself.  It is well known that rapid heat dissipation within 
microfluidic devices can lead to significant non-uniformity of the temperature over 
the small intra-channel length scales, and thus, micro-thermocouples can, at best, 
only provide an approximate spatial temperature map.  Additionally, the necessity of 
implanting the thermocouple within the device reduces measurement flexibility, and 
requires complex fabrication routes coupled with shortened device lifespans.  
As an alternative, optical techniques are currently being developed to 
overcome some of the limitations of micro-thermocouples. Common approaches 
utilise the temperature sensitivity of the commercially available fluorescent dye 
Rhodamine B (RhB) combined with fluorescence intensity techniques [209-214]. 
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However, such approaches are also beset with problems, for example, the adsorption 
of RhB on the internal surfaces of the device, which affects intensity and lifetime, 
photobleaching of the fluorescent probe [9], and variations in the excitation and 
detection efficiencies across the field of view of the microscope can all result in local 
artefacts in the measurement [215].  The use of methods based on the measurement 
of the fluorescence lifetime of a dye, such as fluorescence lifetime imaging 
microscopy (FLIM), overcomes some of these problems, and FLIM has been used 
successfully to generate high spatial resolution maps of temperature distribution in 
microfluidic devices [7, 8, 216].  Use of a customised polymer based temperature-
sensitive fluorescent probe allowed the temperature in a microfluidic device to be 
mapped with a resolution of less than 0.1ºC [6]. While FLIM offers high spatial 
resolution and accurate mapping of the temperature in devices, the technique also 
exhibits some drawbacks since the fluorescent dye pervades the whole measurement 
volume. Although this may not be problematic for measurements on prototype 
devices during design and development, it precludes applications in functioning 
microfluidic systems where the presence of the dye would interfere with their 
functions. Such applications include microreactors, where the presence of the dye 
could interfere with chemical reactions, and biological application involving 
permeable cells where toxicity of the dye molecules can be problematic. Cells can be 
damaged or killed by direct chemical toxicity of the dye and also through dye-
induced photosensitisation [217]. 
7.1.2 Non-invasive measurement of temperature in microfluidic 
devices 
Attempts to overcome the problem of dye toxicity, by incorporating RhB into 
the polymer of the device [9], suffered the same shortcomings as both 
microthermocouples and fluorescence intensity-based methods, namely local 
artefacts and inaccurate measurement of the temperature in the channel.   
The Brownian motion of nanoparticles has been proposed as an alternative 
technique to perform three dimensional measurement in microsystems and avoid 
toxicity effects [215]. While the nanoparticles used were not toxic to the system 
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studied in the published work, using Brownian motion is only feasible when there is 
no fluid motion. The requirement to measure the temperature while the device is in 
operation without introducing perturbations is, therefore, only fulfilled in the case of 
stop-flow operation with biological objects not sensitive to the nanoparticles tracked. 
To date, techniques that have been used to measure temperature in 
microfluidic devices all have drawbacks. To address these drawbacks, an alternative 
method which permits the use of FLIM without the disadvantageous use of an 
intrusive fluorescent dye has been developed. This has been achieved by 
encapsulating the temperature sensitive Kiton Red (KR) fluorophore within a 
chemically inert microdroplet, which can be held and manipulated in the flow using 
optical tweezers.  
7.1.3 Micro-emulsions in microfluidics 
Micro-emulsions have been used to compartmentalise individual assays. They 
were first developed for directed evolution [218] and have found many applications 
in molecular evolution [219]. The fabrication and manipulation of micro-droplets 
have greatly benefited from microfluidic technologies. They allow for the high-
throughput fabrication of highly monodisperse micro-droplets that can be fused, 
subdivided  and used for the control of picoliter scale biochemical assays [220]. 
Therefore, much effort has been put into developing microfluidic platforms for the 
fabrication of micro-emulsions [221-223] for their use in biochemistry. In the work 
presented in this chapter, a temperature-sensitive fluorescent dye has been 
encapsulated in a double micro-emulsion. A single microdroplet was trapped using 
optical tweezers and used to locally probe the temperature in a microfluidic channel. 
7.1.4 Manipulating objects in microfluidic devices 
Optical tweezers have been used previously to manipulate objects within 
microfluidic devices, for example, to analyse flow fields by measuring the 
displacement of trapped beads [93, 224, 225], as micropumps or microvalves [226-
228], for cell manipulation alone [229] or associated with a visualisation technique 
such as fluorescence microscopy [230], super resolution microscopy [231] or Raman 
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spectroscopy [232].  A fluorescein-labelled polymer bead has been trapped in a 
microfluidic device and its fluorescence intensity measured to determine the local pH 
[130]. In principle, a similar approach using a RhB-labelled bead might be used to 
measure temperature. However, immobilisation of RhB on a polymer bead inhibits 
the intramolecular torsional motion that is the origin of the temperature sensitivity of 
the fluorophore [233].  
Commercially available RhB-loaded polystyrene beads and custom-
synthesised surface-functionalised beads in which the fluorophore is tethered to the 
surface by an alkyl amino chain were investigated [106]. For both types of bead the 
RhB lifetime was independent of temperature. To overcome this problem, a water-
oil-water emulsification method was used [13] to produce microdroplets in which the 
KR fluorophore is encapsulated but remains in a fluid environment. In these ‘double 
bubbles’ an aqueous droplet of the fluorescent dye is surrounded by an oil shell 
which serves both to contain the fluorophore and to provide the refractive index 
differential required for optical trapping of the droplet in an external aqueous 
medium.  
The novel method presented in this chapter combines the capability of optical 
tweezers to manipulate objects with the capacity of FLIM to provide quantitative 
temperature measurement. It allows the temperature to be measured locally, with 
micron-scale spatial resolution while the microsystem is in operation without 
introducing artefacts or toxicity to the continuous flowing medium. 
7.2 Materials and methods 
7.2.1 Optical tweezers setup 
The combination of FLIM and optical tweezers was made possible via the 
custom-built multi-parameter microscope platform described in Section 3.6. Details 
of the optical setup are given Figure 7-1. 
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Figure 7-1: Schematic diagram of the optical setup in which optical trapping and fluorescence 
lifetime imaging microscopy (FLIM) are combined. CW Laser tweezers (LT, 785nm) beam (Red 
line); dichroic mirror 1 (DM1, transmission below 780nm); white illumination light (L); 
fluorescence signal (pink dashed line); excitation source (EX, 40MHz, 470nm), blue dashed line; 
dichroic mirror 2 (DM2, transmission above 505nm); beam splitter (BS); Tweezer control 
camera (TCam); FLIM Camera (FMCam) 
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The custom-built optical tweezers system [234] allows trapping and manipulation of 
micron-sized particles using an intuitive ‘click and trap’ computer interface. The 
optical trap is formed by a tightly focussed beam from a circularised diode laser 
(VPSL-0785-070-x-5-A, Blue Sky Research) providing up to 70 mW output power 
at a wavelength of 785 nm.  The laser beam is expanded and then coupled into the 
back of the microscope objective (60x, NA 1.2 Plan Apo WI, Nikon), using a 780-
nm short-pass dichroic mirror. The high numerical aperture of the water immersion 
objective ensured a tight focus leading to strong trapping while at the same time 
minimising aberrations when trapping deep inside the sample. The laser beam can be 
steered using a pair of galvanometric mirrors located in the conjugate plane of the 
back aperture of the objective as shown Figure 7-2: 
 
Figure 7-2: Galvo mirrors and optical setup used to steer the beam focus in the sample [112]. 
The graphical user interface (written in Labview 7.1, National Instruments) 
displays live images of the sample captured on a CCD camera and adjusts the trap 
position by controlling the galvanometric mirrors in response to mouse movement.  
7.2.2 Fluorescence lifetime imaging microscopy 
A 468-nm diode laser (LDH-P-C-470, Picoquant GmbH, Germany) 
controlled by a picosecond pulsed driver (PDL800-B, Picoquant GmbH) operating at 
40 Mhz was used as the excitation source for FLIM.  The beam was reshaped using a 
pair of semi-cylindrical lenses, expanded and collimated, spatially filtered through an 
aperture and focused at the back focal plane of the microscope objective following 
reflection off a dichroic mirror (FF505-SDi01-25x36, Semrock). The fluorescence 
was collected through the same objective. Unwanted scattered light from the 
Multi-parameter quantitative mapping of microfluidic devices 
Microthermometry : FLIM of optically  
trapped probes in a microflow 150 
excitation source and the laser tweezers was removed using filters (LP02-488RS-25 
and FF01-680/SP-25, Semrock). The fluorescence was imaged onto a gated 
intensified CCD camera (Picostar HR-12QE, LaVision GmgH, Germany) using an 
achromatic doublet lens (NT32-917, Edmund Optics Ltd, UK). FLIM images were 
recorded with 1 ns gate widths at 1 ns intervals. Five images were averaged to create 
the final image. The exposure time of the camera was set (in the range 340 ms to 
680 ms) to obtain a maximum intensity per pixel of between 3000 and 4000 counts. 
FLIM images were produced and analysed using DaVis 6.2 software.  
7.2.3 Preparation and Characterisation of Fluorescent 
Microdroplets  
The fluorescent microdroplets consisted of an aqueous solution of the 
fluorescent dye encapsulated inside an oil bubble, which in turn was suspended in an 
external water phase. Similar water-oil-water emulsions have been used for in-vitro 
compartmentalisation [13, 218, 219, 235]. The internal water phase (W1) was an 
aqueous solution of 0.3 mM Kiton Red (Sulforhodamine B, acid form, laser grade, 
Sigma-Aldrich) and 0.3 mM NaCl. The oil phase (O) consisted of paraffin oil (Fisher 
Scientific) and a surfactant 3.2% wt/wt (ABIL EM 90, Degussa). The external water 
phase (W2) was an aqueous solution of 1% wt/wt of a surfactant (Triton X-102, 
Sigma-Aldrich) and 0.75% of carboxymethyl added at room temperature and shaken 
regularly for 1 hour, then cooled on ice. Over ice, 25 μl of W1 was added to 2 ml of 
O, and homogenised (Disperser, Ultra-Turrax T25 basic, Ika®) for 2 min at 
13500 rpm, to create a water in oil (W1/O) emulsion. Over ice, 2.4 ml of W2 was 
added to the emulsion W1/O, and homogenised for 2 min at 11500 rpm, to form the 
final W1/O/W2 emulsion. 
A sample of the emulsion in a 1 cm path-length cuvette was held in a 
thermostatically controlled cuvette holder in the setup described Chapter 3.2. The 
temperature was measured with a thermocouple (Hanna Instruments HI93530) 
immersed directly in the emulsion.  Fluorescence was excited at 400 nm and detected 
at 580 nm, via a 488-nm long-pass filter (Semrock) and a monochromator which was 
set to a bandpass of 18 nm to mimic the bandpass filter used in the FLIM setup. 
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Decay curves were recorded over a 50 ns time range resolved into 4096 channels and 
accumulated to give 10000 counts in the peak channel. 
7.3 Results and discussion 
7.3.1 The response of microdroplet fluorescence lifetime to 
temperature 
The fluorescence decay of a dilute solution of KR microdroplets (50 μl of 
initial recipe into 10 ml of W2) was measured as a function of temperature over the 
range of 27 ºC to 61 ºC.  At each temperature, the fluorescence decay was described 
by a bi-exponential function. The decay parameters together with the average 









τ  (7-1) 
The predominant shorter lifetime component, τ1, accounts for 80% of the emitting 
population at 27 ºC, increasing to 97% at 61.4 ºC. This lifetime corresponds to that of 
KR in bulk aqueous solution, where the decay is mono-exponential. The second, 
minor component with longer lifetime, τ2, suggests the presence of dye aggregates in 
the microdroplet. 
Temp. / oC τ1 / ns τ2 / ns A1 A2 <τ> /ns 
27.0 1.23 2.32 0.80 0.20 1.45 
35.2 1.04 2.17 0.87 0.13 1.19 
44.0 0.86 2.29 0.93 0.07 0.96 
52.7 0.69 2.53 0.96 0.04 0.77 
61.4 0.57 3.17 0.97 0.03 0.64 
Table 7-1: Temperature-dependence of the fluorescence decay parameters of Kiton Red 
microdroplets, the fluorescence lifetimes, τi, and the corresponding fractional amplitudes, Ai, 
are given, together with the average lifetime, <τ>. 
The less soluble parent fluorophore, Rhodamine B, readily forms aggregates in water 
even at micro-molar concentrations, characterised by the appearance of a longer 
lifetime component in the fluorescence decay [160]. It is, therefore, not surprising to 
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observe a small amount of aggregation of KR at a concentration of 0.3 mM. 
Furthermore, the decrease of the amplitude of this component (A2) with increasing 
temperature is consistent with disaggregation at higher temperature, as observed 
previously [236].  
The bi-exponential decay of the microdroplets can be conveniently 
represented by a single parameter, the average lifetime <τ>, as defined by Equation 
(7-1. The values of <τ> are given in Table 7-1. The dependence of <τ> on 
temperature is shown graphically in Figure 7-3, together with the corresponding 
curve for KR in bulk water. 
 
Figure 7-3: Temperature dependence of the average fluorescence lifetime of Kiton Red 
microdroplets. The corresponding temperature dependence in bulk aqueous solution (○) [7], is 
shown for comparison. 
The lifetime-temperature response of the microdroplets closely resembles that of the 
bulk solution [7, 8], confirming that containment of KR in the microdroplet does not 
inhibit its conformational freedom. The small decrease in lifetime of KR in the 
microdroplets compared with bulk aqueous solution may be accounted for by the 
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effect of the local environment (presence of NaCl and surfactants and the proximity 
of an oil/water interface) on the non-radiative decay rate and the effect of increased 
refractive index, which increases the radiative rate [237].  
7.3.2 Calibration curve for FLIM temperature measurement 
In order to construct a calibration curve to apply to the FLIM data it was 
necessary to determine fluorescence lifetimes by tail fitting the fluorescence decay 
curves over the same time range used to analyse the FLIM data. The decay times 
obtained are presented Table 7-2. 
Temp. / oC Single exponential fit Bi-exponential fit 
 τs /ns χ2 <τ> /ns χ2 
27.0 1.51 1.00 1.54 0.91 
35.2 1.26 1.19 1.27 0.96 
44.0 1.06 1.59 1.10 1.08 
52.7 0.90 2.14 0.91 0.98 
61.4 0.79 2.77 0.84 0.97 
Table 7-2: Fluorescence lifetime calculated by tail fitting the decay curves recorded using 
TCSPC. The fluorescence lifetime calculated using a single exponential fitting function τs are 
reported with the average lifetime calculated from a bi-exponential function. 
The lifetime calculated by tail-fitting from 1 ns after the maximum are consistently 
longer that the lifetime values presented Table 7-1 because the fitting neglects the 
early part of the decay where the short lifetime component τ1 is the most significant; 
hence it is overweighting the long lifetime component τ2, resulting in longer lifetime 
values. As shown in Table 7-2, over this truncated fitting range, a single exponential 
function provides a very good fit to the data for temperatures up to 44 oC. Above 
44oC, the quality of the fit deteriorates somewhat, as indicated by the higher χ2 
values. Nevertheless the latter decays are still adequately fitted by a single 
exponential function as indicated by the similarity of the lifetime to the average 
lifetime obtained from the bi-exponential fit. Over the temperature range relevant to 
the present FLIM measurements (~15 to 35 oC) a single exponential fit is entirely 
satisfactory. The temperature-lifetime calibration curve derived from the data in 
Table 7-2 is shown in Figure 7-4. 
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Figure 7-4: Fluorescence lifetime of the microdroplet obtained by mono-exponential fitting of 
the curves recorded at different temperatures (Black square). The dashed line shows the 
exponential decay function fitted to the data, T = 172.exp(-τ/0.645)+10.5 used as a calibration for 
subsequent analysis of the FLIM images. 
The empirical relation used hereafter as calibration equation to calculate the 











7.3.3 Fluorescence lifetime imaging microscopy of optically 
trapped microdroplets in the microchannel 
The use of optical tweezers necessitates high magnification and large 
numerical apertures to produce a very tightly focused beam, in combination with 
moderate optical powers, in order to enable the capture of an object subject to 
Brownian motion and flow. This naturally raises concerns about heating effects, 
which may perturb device operation or damage biological samples. Previous work 
has shown that heating due to the tweezer beam is wavelength-dependent and scales 
linearly with power [238-241]. The temperature increase due to a 800-nm tweezer 
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beam was reported to be 1.7ºC/W [241]. The 780-nm laser, used in these 
experiments, has a maximum output power of 60 mW, which, assuming no loss 
along the optical path, would induce a maximum temperature increase of 0.1ºC.  This 
small temperature increase should not perturb the device operation, would not 
damage biological samples and does not introduce any artefact into the temperature 
measurement since 0.1ºC is below the temperature resolution of KR FLIM (vide 
infra).  The absence of a discernible heating effect was confirmed by FLIM of 
microdroplets in the absence and presence of the tweezer laser beam.  
Microdroplets could be trapped at powers just above the lasing threshold (ca. 
3 mW) in the absence of flow, whilst at maximum output optical power droplets 
could be trapped in a flow velocity of up to 1 mm/s. Once trapped, a microdroplet 
was moved to the desired position and a series of time-gated images recorded in 
order to generate a FLIM image. Figure 7-5 shows a series of frames from the 
tweezer-control camera illustrating the capture and positioning of a droplet in the 
microchannel. 
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Figure 7-5: A series of frames from the tweezer-control camera showing the trapping and 
manoeuvring of a microdroplet. Frame (a) shows the position at which the microdroplet was 
initially trapped (red arrowhead) at the LH edge of the channel. Frame (b) shows the movement 
of the microdroplet in the middle of the channel (red arrow). Frame (c) shows movement of the 
microdroplet to its final position at the RH edge of the channel. For spatial reference the 
position and motion of some other microdroplets are indicated by blue arrowheads. 
Figure 7-6 shows the characteristics of a droplet trapped close to the cooling 
channel of the microfluidic device. The intensity image (Figure 7-6(a)) is shown 
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together with the corresponding intensity profile (Figure 7-6(b)). In order to generate 
the FLIM image, the fluorescence lifetimes have been calculated for pixels that have 
intensity higher than the half maximum intensity. The FLIM map of the droplet 
generated is shown Figure 7-6(c) together with the decay, corresponding to the 
intensity at each gate integrated over the droplet image. The curve is fitted to a single 
exponential decay. 
 
Figure 7-6: Fluorescence image of a microdroplet trapped in the microfluidic device (a); 
Intensity profile across the droplet (b); FLIM image of the droplet (c); Average intensity of the 
microdroplet in the 8 gates used to build the fluorescence decay (Black dots), the dashed line 
shows the fitted single exponential decay: I=0.97exp(-t/1.52)+0.02 (d). 
The decay curve Figure 7-6(d) results from the data extracted from the FLIM image 
Figure 7-6(c). The single exponential fit gives a lifetime value of 1.52 ± 0.03 ns 
corresponding to a temperature of 26.9 ± 0.8ºC. 
After recording the images of the droplet trapped in the cooled side of the 
channel, the droplet was moved to the heated side of the channel and images 
recorded to construct a FLIM image at this position. The resulting FLIM image is 
shown Figure 7-7(a). It has been displayed alongside the FLIM image of the droplet 
trapped in the cooled side Figure 7-7(b). 
Multi-parameter quantitative mapping of microfluidic devices 
Microthermometry : FLIM of optically  
trapped probes in a microflow 158 
 
Figure 7-7: FLIM images of a droplet in the heated side of the channel (a); the same droplet in 
the cooled side of the channel (b); and a droplet trapped at room temperature (c). The colour 
coded scale illustrates the fluorescence lifetime calculated at each pixel.    
The FLIM images Figure 7-7 clearly show the change of fluorescence 
lifetime of the droplet associated with the change of local temperature. The average 
fluorescence lifetime of the droplet changes from 1.37 ± 0.04 ns in Figure 7-7(a) to 
1.52 ± 0.03 ns in Figure 7-7(b), indicating a change in temperature from 31.1 ± 1.3ºC 
to 26.9 ± 0.8ºC across the channel. For comparison, the FLIM image of a droplet 
trapped at room temperature is shown Figure 7-7(c). It exhibits a lifetime of 
1.80 ± 0.07 ns corresponding to a temperature of 21.1 ± 1.1 ºC.  
The spatial distribution of the fluorescence lifetime across the FLIM image of 
the droplet in Figure 7-7(a) is different to that in Figure 7-7(b). Whereas in Figure 
7-7(b), the spatial distribution of lifetimes is fairly uniform, in Figure 7-7(a) there is 
a gradient of fluorescence lifetime values across the microdroplet. We believe that 
this effect is due to a slight movement of the microdroplet during the image 
acquisition. The degradation of FLIM images by motion artefacts has been studied 
by Elson et al. [143]. They showed that the movement of a fluorescent bead during 
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the acquisition time can cause a change of the intensity of a pixel between time-gated 
images and hence affect the measured fluorescence decay. In the work presented in 
this chapter, data at the shortest delay time (earliest time gate) were acquired first. In 
the region of the FLIM image at the upstream edge of the droplet (i.e. region 1 in 
Figure 7-7(a)), movement of the droplet in the direction of flow will result in a 
decrease in pixel intensity during the acquisition time (because the intensity 
maximum is moving away from this region) and the late gates (gates recorded with 
long delay) will have an anomalously low intensity. Therefore, the observed lifetime 
in the upstream region will be shorter than the true lifetime value. Conversely, in the 
region facing downstream (i.e. region 2 in Figure 7-7(a)), the late gates will have a 
higher intensity than that expected because the intensity maximum is moving 
towards this region and the observed lifetime will be longer than the true value. The 
size of the optical trap is much smaller than the microdroplet and it is possible that 
the microdroplet has moved due to forces exerted by the flow without going out of 
the trap. This artefact could be problematic if the spatial distribution of the 
fluorescence lifetimes were being used to quantify local environmental 
characteristics. However, in the present case, the lifetime value used to determine the 
temperature is calculated from intensity data integrated over the entire droplet. 
Therefore, the intensity lost in region 1 of the droplet is compensated by the intensity 
gained in region 2 and the lifetime calculated is the same whether the droplet has 
moved or not. 
The spatial resolution obtained with the microdroplet probes is limited by the 
size of the microdroplets themselves. Their diameter is adjustable by varying the 
emulsification procedure used during fabrication. Stable microdroplets can be 
produced down to around 70 nm in diameter [13]. However, in order to produce 
droplets that were both tweezable and detectable, a droplet diameter larger than ca. 
5 μm was used in the present work.  The maximum size of droplet which could be 
tweezed was ca. 20 μm. 
Both the spatial and temperature resolution could be greatly improved. The 
use of a more sensitive detector or a temperature-sensitive probe with a higher 
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quantum yield would allow smaller droplets to be detected and, hence, produce a 
better spatial resolution. An improved lifetime resolution can be obtained using time-
correlated single photon detection, which would provide a better quality of the decay 
data and, therefore, a much better resolution of the temperature. 
Whereas the purchase or implementation of more sensitive detectors can 
constitute an expensive and time consuming task, the flexibility in the microdroplet 
fabrication offers a cheap alternative. For example, using the recently reported 
thermo-responsive polymer would permit a temperature resolution of less than 
0.1ºC [6]. 
To the author’s knowledge, this is the first time that FLIM has been used in 
combination with optical tweezers. Further development/customisation of local 
probes, together with the implementation of multi-trap laser tweezers would allow a 
full environmental and chemical mapping at the tip of a laser. 
7.4 Conclusion 
It is the first time that the simultaneous use of optical tweezers and FLIM has 
been demonstrated. Two microscopic techniques have been combined on a custom-
built open-frame multimodal microscope and used in conjunction with a specially 
developed temperature-sensitive fluorescent microdroplet to probe temperature 
profiles in a microfluidic device. 
The microdroplets are based on a water-oil-water emulsion, with KR solvated 
in the inner water phase, enabling it to maintain its classic fluorescence lifetime 
response to temperature. The fluorescence lifetime of KR within the microdroplet 
decreases with increasing temperature from 1.45 ns at 27ºC to 0.64 ns at 61.4 ºC.  
Microdroplets with diameters between 5 and 20 μm have been shown to be fully 
tweezable within the constraints of a microfluidic device. 
FLIM images of optically trapped microdroplets held at selected positions 
across a temperature gradient within the microfluidic device have demonstrated the 
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ability to locally measure the temperature in a microchannel with micron-scale 
resolution. 
The ease of fabrication and the control of the droplet characteristics should 










For the first time, FLIM has been used in simultaneous combination with 
other microscopic tools and techniques to gain further insights into flow behaviour at 
the microscale and spatially resolve environmental and chemical characteristics in 
microfluidic devices. 
Throughout the work presented in this thesis, three FLIM techniques have 
been used. A summary of their respective advantages and disadvantages are given in 
the table below. More details are given in the subsequent paragraphs. 
Techniques Pros Cons 
Time-Gated • Real-time imaging 
capabilities 
• Relatively simple setup 
• Established technique 
• Poor temporal resolution 
• Intensifier induces a slight blur 
in the image 
• Small dynamic range 
TSCSPC • Good spatial and temporal 
resolution 
• Virtually infinite dynamic 
range 
• Slow acquisition 
• Analysing software not user-
friendly and not fully developed 
2PE-FLIM • 3-spatial dimensions 
• Unequalled  spatial 
resolution 
• Good temporal resolution 
• Elimination of the out-of-
focus fluorescence 
• High laser power can damage 
biological sample 
• Slow acquisition 
• Scanning unit and high power 
short-pulsed laser are expensive 
Table 8-1: Summary of the relative advantages and disadvantages of the different FLIM 
techniques used in this thesis. 
In wide-field FLIM, the choice of the detector/camera must be informed by 
the complexity of the fluorescence decay of the probe and the resolution required. 
We have shown that appropriate combinations of detector and probe can achieve 
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spatially-resolved pH measurements at the microscale with pH resolution 
approaching that of commercial pH meters for the macroscale. 
In this work, the pH measurements were limited to the pH range over which the 
fluorescent probe is partially protonated/deprotonated. However, even though it has 
not been demonstrated to date, it is possible to use a combination of fluorescent dyes 
the transition from protonated to deprotonated form of which occurs at different pH 
to develop a fluorescent system capable of covering a larger pH range. A 
combination of fluorescent probes would also allow simultaneous mapping of 
various chemical characteristics. This would require the use of a FLIM system the 
time resolution of which allows multi-exponential decays to be fitted. To that extent, 
TSCSPC in the ideal candidate thanks to its high time resolution and ability to 
acquire data with a high signal-to-noise ratio. 
In some cases, the main requirement for the development of a quantitative mapping 
system is driven by the need for real-time imaging. The use of a time-gated system in 
conjunction with a probe the fluorescence lifetime of which can be determined by a 
minimum number of measurements (2 points are sufficient to draw a line 
characterising a single exponential decay) can provide the capabilities required for 
FLIM to be developed for applications requiring real-time imaging such as imaging 
of dynamic systems, in vivo imaging and medical imaging. The use of time-gated 
detection in conjunction with fluorescein is the ideal starting point for the 
development of a system that would allow real-time quantitative mapping of pH of 
most of the biological and body fluids. 
The influence of gravity in microfluidic devices is significantly weaker than 
that of surface effects, and as a result it has often been neglected.  Therefore, the 
mixing of two fluids is generally treated as a 2-dimensional case where diffusion 
happens through a stable vertical interface. Previously it had been shown that 
quantitative agreement between computational fluid and experimental data obtained 
using wide-field FLIM could only be achieved by including the effect of gravity. 
However, substantiating the importance of gravity forces in microflows using wide-
field FLIM is difficult because of the long depth of focus of the microscope 
Multi-parameter quantitative mapping of microfluidic devices 
Conclusions 164 
objectives used and the contribution from out-of-focus fluorescence. To circumvent 
the shortcomings inherent to wide-field illumination and detection, 2-photon 
excitation was used to quantitatively map the mixing of fluidic systems in three 
spatial dimensions. The density mismatch of two solutions in the device generates a 
rotation of the interface between two streams. 2PE-FLIM combines the capabilities 
of wide-field FLIM and confocal microscopy. The technique provides quantitative 
information about gravitational effects and diffusion processes at the microscale. 
Furthermore, 2PE-FLIM gives quantitative insight into the fluid behaviour close to 
the boundary (wall) of the device that can be obtained neither by wide-field FLIM, 
because of the lack of depth resolution, nor by confocal microscopy, because of 
illumination/detection artefacts due to the proximity of the wall of the device. The 
development of a reliable computational fluid dynamics model for the microscale 
would therefore greatly benefit if the simulated results were compared with 
experimental data obtained using 2PE-FLIM. 
The advent of technologies that require the expertise from various scientific 
backgrounds benefits from the development of tools that facilitate the use of 
techniques that are alien to a particular discipline. As such, the work presented in this 
thesis has benefited from an engineering technique, soft lithography, which allows 
the fabrication of microfluidic prototypes by scientists from any discipline. Likewise, 
the design and development of an open-frame microscope has permitted the 
implementation of different microscopic techniques and their simultaneous use, 
overcoming the inflexibility of commercial microscopes without the technical 
difficulties encountered in constructing an optical setup from scratch on a 
conventional optical table.  
FLIM and μ-PIV, two complementary flow characterisation techniques, were 
implemented on the open-frame microscope. The two techniques were, for the first 
time, used simultaneously to map the fluid characteristics, using FLIM, and the flow 
velocity fields, using μ-PIV. Mismatch of viscosity or temperature between two 
streams was responsible for the deviation of the advective transport across the 
channel from the typical Poiseuille profile. More generally, the combination of FLIM 
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and μ-PIV provides a total analytical tool for fluidic systems because these two 
techniques used simultaneously can gather all the parameters required by 
computational fluid dynamics modellers to validate models: solvent composition, 
temperature and flow velocity fields. 
 A temperature-sensitive fluorescent microdroplet has been trapped using laser 
tweezers in a microfluidic device. The microdroplet was used to locally measure the 
temperature in the device using FLIM. Microdroplets are already extensively used in 
microfluidic devices for the study of molecular evolution. Incorporating the probe 
fabricated in this thesis into such devices would be straightforward and could report 
on the micro-environment in a chemically non-invasive way. The microdroplets 
could also be used for multi-parameter mapping of micro-environment using FLIM. 
For example, Kiton Red, encapsulated in microdroplets could be used to probe the 
temperature, while fluorescein dissolved in the continuous water phase, could be 
used to probe the pH. They could also be used as fluorescent tracers for μ-PIV 
experiments. 
FLIM has three characteristics that have allowed its successful implementation for 
the study of fluid in microfluidic devices: it provides investigators with high-quality 
quantitative spatial information at the microscale; it can be used in different 
configurations to satisfy the spatial and temporal resolution required for different 
applications; it can be combined with other microscopic techniques and optical tools. 
Therefore, FLIM has the potential to play a role in every facet of the development of 
microfluidic technology: in engineering to assess the performance of devices; in fluid 
dynamics to study mass transport phenomena at the microscale; in chemistry to 
spatially resolve the state of molecules; in biotechnology to control the environment 
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